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ABSTRACT
Methods end data for applying Nusselt's equation to the condensation 
of binary vapors have not been satisfactorily established. No data are 
available on heat-and mass-transfer coefficients for condensing binary 
hydrocarbon vapors which form a single-phase condensate; the vapor- 
llquld interface temperature needed In calculating these coefficients 
is still subject to definition, although limited experimental data have 
indicated that the bubble point of the condensate may be taken as the 
interface temperature. The purpose of this study is to obtain experimental 
data that could be used to answer these and other questions quantitatively, 
so that more satisfactory methods can be established for the design of 
condensers.
Condensation data were collected by varying the temperature drop 
across the condensate film covering the range from 10 to 35°F; a constant 
composition of condensate was maintained during each series of tests. 
Systems studied were: benzene-n-heptane, n-heptane-toluene, and n-
hexane-toluene; the mixtures tested covered a wide concentration range 
of each.
Heat-transfer coefficients were calculated using as the temperature 
difference, that between the condensing surface: and the vapor 
temperature, the dew point and the boiling point of the condensate, and 
the Interfacial temperature. The coefficients based on the Interfacial 
tamparature and the bubble point of condensate were usually intermediate 
between the coefficients for the pure components when the two temperatures 
were close, as would be expected. However, those based on the vapor
xiv
temperature and the dew point were not.
A study was made also to determine the manner in which the heat- 
transfer coefficients varied with composition, for various constant 
temperature differences. Coefficients for binary systems can be 
predicted with satisfactory accuracy at relatively high temperature 
drops, based on the bubble point of the condensate, by assuming a linear 
variation of coefficients with composition (expressed as mole percent) 
between the values of the pure components at the same temperature 
drop. The departure from linearity, greatest at low temperature drops, 
may be related to the fractionation efficiency of the condensation, 
whether the condensation is total, equilibrium, or between these two 
types.
Interpretating the data In terms of mass transfer indicated that 
appreciable resistance to heat and mass transfer existed in both the 
vapor and liquid phases. For most mixtures the liquid-phase resistance 
to mass transfer was more than 50 percent of the total resistance, which 
is contrary to the past assumption that it was absent. The smaller gas- 
phase resistance indicated that most of the mass was transferred bodily 
rather than by diffusion.
When the liquid-phase resistance to mass transfer was not controlling 
the interface composition was almost the same as the condensate 
composition and the calculated interfacial temperature was closer to the 
bubble point of the condensate than to either the dew point or the vapor 
temperature. However, when the resistance was appreciable, composition 
of the condensate and the interface differed markedly as did the two
xv
temperatures.
Enrichment of the residual vapors was 30 to 80 percent of that
predicted by the equilibrium diagram for the condensate composition.
The higher the ratio of the individual gas-phase resistance to the
over-all gas-phase resistance, the higher the degree of enrichment.
Also the enrichment was directly related to the number of over-all gas-
phase transfer units— which varied from 0.4 to 1.5. However, only at
low enrichment does a given percentage increase in the number of
transfer units effect approximately the same increase in enrichment.
The over-all height of a gas-phase transfer unit, H , varied
°g
with composition from 0.4 to 1.6 Ft. For the three binary systems,
H showed a minimum value and became large as the binary mixtures 
og
became concentrated in either components.
xv i
CHAPTER I
INTRODUCTION
In most industrial surface condensers wherein the condensing 
fluid is an organic compound, the resistance of the condensed liquid- 
film may be greater than any or all other resistances involved. 
Consequently, designers of condensers found it very important to be 
able to predict what the resistance of this film of condensate would 
be. The problem was attacked from both the theoretical and experimental 
approaches; and results were most satisfactory when the condensing fluid 
was a single pure compound.
Essentially all of the mathematical correlations and equations 
which are used today for predicting condensing film coefficients of 
heat transfer on the outside of horizontal tubes are based on work of 
Nusselt (71) who first formulated the mathematics involved in condensing 
pure vapors. Although some of the assumptions made by Nusselt (see 
page 7) in deriving his equation were challenged by later Investigators 
(9, 10, 17, 20, 45, 52, 72, 81), the equations have been verified 
qualitatively quite frequently by work on pure compounds. Quantitative 
results of different investigation generally agree with the corresponding 
theoretical values to ± 30 per cent depending upon the design of the 
equipment and the operating methods employed. Nusselt*s final equation 
for condensing pure vapor on the outside of a horizontal tube is 
presented in the two following forms:
1
In these equations all of the physical properties except latent 
heat of condensation, \ , are determined at a film temperature proposed 
by Drew (62) which is presented in Equation 2.
In the case of condensation of binary vapors forming miscible 
liquids, two resistances to heat transfer occur; that of the liquid- 
film and that of a laminar layer of vapor between the vapor-liquid 
interface and the main vapor stream. It has been assumed that the 
theoretical equation for liquid condensate film of pure components, 
would hold equally true for the liquid-film of a binary system.
Attempts have been made in the past by several investigators to apply 
Nusselt's equation to the case of condensing mixed vapors. While 
several investigators (2,3,4,52) have studied the condensation of 
binary vapors forming a two-phase condensate. However, a search of 
the literature shows that the experimental data are ver- meager for 
the systems forming a single-phase condensate (75,113). A theoretical 
approach was proposed by Colburn and Drew (21) for including the 
resistance of the gas-film but no data were published which could test 
the theoretical equation. This approach was concerned primarily with 
the evaluation of temperature drop in the gas-film in terms of both 
heat and mass transfer coefficients. Their final equation was somewhat 
cumbersome and should be solved by trial and error.
3This problem can be simplified and the rate of heat transfer 
predicted by use of the liquid coefficient alone if the temperature at 
the vapor-liquid interface can be predicted. Three simple possibilities 
are reported (21,75,113) as the temperature to be used as vapor-liquid 
temperature: (1) the vapor temperature measured directly, (2) the dew
point of the vapor, and (3) the bubble point of the condensate. The 
last two temperatures can be read from the temperature-composition 
diagram for the system. Based on available experimental data, reportedly 
(75) the bubble point of condensate appears to be the best choice.
Condensation of mixed vapors has been investigated at the Louisiana 
State University. The binary systems studied prior to 1955-1956 when 
this project was undertaken included methanol-isopropanol (105), methanol 
with acetone and benzene (104), and benzene with ethanol and n-buthanol 
(59). In these investigations it was assumed that the liquid-phast 
resistance to mass transfer was absent and the project wa.-» concerned 
mainly to verify the correct temperature to use as the interface 
temperature when condensing binary vapors, one or both of the two 
components of which were alcohols. In the present work, a study of 
the binary mixtures of aromatic and paraffinic hydrocarbons was made.
The primary reason for the selection of the hydrocarbon mixtures was 
that no previous work has been done on the hydrocarbon systems. Also 
these binary mixtures are completely ideal systems, versus azeotropic 
or non-ideal systems studied to date.
In selecting the binary mixtures, the following points were considered:
(1) Availability of vapor-liquid equilibrium data for the 
system.
4(2) Non-azeotropic system*.
(3) Components with widely different theoretical (calculated) 
heat transfer coefficients.
(4) Components with large differences in boiling points and 
refractive indices.
(5) Components which would not have any adverse effects on 
the equipment in use.
On the above basis the systems selected were, (1) benzene-n-ht-ptan-r , 
(2) n-heptane-toluene, and (3) n-hexane-toluene.
The objectives of the project were:
(1) To check the validity of the Nusselt*s assumptions in 
condensing pure and mixed vapors of these components.
(2) To determine the limitations on the use of the boiling 
point of the condensate as the interfacial t^mperatur- 
and to determine what temperature to use when this was 
not the correct one.
(3) To determine improved methods for predicting the condensing 
heat transfer coefficients of the binary vapors from tho.-.o 
of the constituents pure components
(4) To obtain mass transfer data; in particular: (a) To
determine the individual and over-all gas-phase mass 
transfer coefficients and to check the validity of the 
assumption that liquid-phase resistance to mass transfer 
is absent in condensation of binary vapors. Should the
assumption prove to be incorrect, to establish the
5criterion of the gas and the liquid-film resistance's,
(b) To determine the height and the number of individual 
and the over-all gas-phase transfer units and their 
relationship with the composition of the binary systems,
(c) To determine the degree of enrichment of the residual 
vapors and to correlate this enrichment with the resistance 
to heat and mass transfer and the number of transfer units-.
CHAPTER II 
THEORETICAL CONSIDERATIONS 
Condensation of Pure Vapors
As soon as a saturated vapor touches a surface which Is colder than 
Itself condensation will commence, and the liberated heat will be 
transferred to the cooling surface. At the same time a film of condensate 
is formed on the cooling surface and further latent heat transferred must 
pass through this film. The thickness of this film Influences the rate 
of heat transmission, since the heat can be transferred only by conduction 
through the film if it Is laminar, and the thermal conductivity of the 
liquids encountered In practice is small. The film will be thicker the 
more slowly the condensate drains from the surface, and hence will tend 
to increase in thickness with increasing deviation of the surface from 
the vertical position. On the other hand, the thickness of the film will 
increase toward the bottom by drainage from the above. The velocity of 
drainage must also be a function of the viscosity of the condensate. The 
lower the viscosity, the more rapidly the condensate will drain, and the 
thinner the film will be. Since for all liquids encountered in practice 
the viscosity decreases with increase in temperature, the surface 
conductance for condensing vapor must, under otherwise constant conditions, 
increase with increase in temperature. These considerations refer to vapors 
without any appreciable velocity. If the vapor has a definite velocity 
it will influence the flow of the fluid in the film.
The relations Just outlined were discussed and developed in 
mathematical form by Nusselt (71) in 1916. He developed his equations 
on the basis of the following assumptions;
6
71. The hc-at delivered by the vapor is latent heat only.
2. The condensate film is drained from the surface by laminar 
flow only, and the heat is transferred through the film only 
by conduction.
3. The film thickness at any point is a function of the mean 
velocity of flow and of the amount of condensate passing at 
that point.
4. The velocity of the condensate layer is a function of the 
relation between frictional shearing force and the weight of 
the film. Drainage is due to gravity only.
5. The amount of condensate is proportional to the heat transferred, 
which in turn is related to the thickness of the film and 
temperature difference between condensing vapor and the surface.
6. The film of condensate is so thin that the temperature gradient 
through it is linear.
7. The physical properties of the condensate may be taken at the 
mean film temperature.
8. The surface is relatively smooth and clean,
9. The curvature of the film may be neglected.
10. The temperature of the solid surface is constant.
By combining the laws of laminar flow of a fluid and of heat of 
conduction through it, Nusselt arrived at the following equation for 
condensing pure vapors on horizontal tubes
8kf3pf2g \
1/4
h - 0.725 in ( Do <Tv “ Tw>) 1
Detailed derivation of this equation is given in several references 
(46,51,52,62,65).
The Nusselt derivation assumes that the physical properties of the 
condensate are constant throughout the layer, whereas the presence of a 
temperature gradient means that there is some variation in these properties, 
even though small in many cases. Based upon assumption of a linear 
temperature gradient through the film and a linear variation of fluidity, 
l/|i^ , with temperature, Drew (62) derived the following equation for the 
mean condensate film temperature and found that the original Nusselt's 
equations hold true if the physical properties are evaluated at such 
film temperature,
Equation 1 can be written in the following form to include mass rate 
of flow of condensate, W 1.
T ■ T - 0.75 (T - T ) 
F V V IT
2
1 2 1/3
3
Equation 3 can also be written in a dlmenslonless form to include 
Reynolds number, 4r/|ij where T is condensing load ■ W /L, W 1 being the 
mass rate of flow, L the length of the horizontal tube.
For a horizontal tube,
94rh G 4 S W'/2 2W' 2r
Re. No. ■ ----  « ---------------------    *  4
L S L (jf
Substituting L/Wf ** 2/Re.No. from the above equation in Equation 3,
and rearranging
3 2 1/3/ kf pf g 2
h - 0.952 ( — — -—  ----------
m Re.No.
. 3 2 *1/3
/ Kf P f 8 \ 1/3 1/3
h  n  ) " 0.952 (2) (Re.No.)m  V /
hm -1/3
« 1.2 (Re.No.)
<t>
where 1/3
k f2pf
Since a Reynolds number of 2100 can theoretically be reached on 
each side before turbulence begins, it follows that the critical values 
of 4r/n.£ for the entire horizontal tube Is 4200. Therefore, Equation 6 
can take the form of
—  « 1.51 (4r/Mf)‘l/3 
* 1
Detailed discussion of numerous experimental data for pure materials 
is available In literature. McAdams (62) gives a summary of the data of
10
many observer- condensing pure saturated vapors outside single horizontal 
tubes.
Some of the observers have made modifications to Nusselt analysis. 
Peck (72) believed that the two basic assumptions made by Nusselt — that 
the temperature drop across the condensing film is constant around the 
tube and that the condensate film is not subject to acceleration forces —  
were not valid. Through a series of equations, a semiempirical equation 
was developed which gave values of the heat transfer coefficient which 
were not dependent of the above two assumptions. Bromley, et al. (9) 
points out the magnitude of the integral
used in the derivation of Equation 1, re-evaluated by means of gamma 
functions, to be 3.4495, which results in a constant 0.728 Instead of 
0.725 in Equation 1. Bromley, et al. (9) investigated both theoretically 
and experimentally the error introduced by the assumption of a constant 
tube temperature around a horizontal condenser tube. Therefore, a term 
was introduced to account for the effect of temperature variation around 
a horizontal condenser tube. however, both Peck (72) and Bromley (9) 
concluded that conduction of heat around a tube has a negligible effect 
on the over-all heat transfer coefficient. Equation 1, becomes more 
complicated when the temperature profile through the film is not assumed 
to be linear and the effect of cross-flow— flow perpendicular to the
sin
1/3
9
11
condensing surf ace— within the film is considered. For these 
considerations, the following correction factor to Equation 1, is 
recommended by Rohsenov (81) as an Improvement over an earlier 
contribution by Bromley (10),
^1 + 0.68 -Cp* ^   ^ 10
Here C is the specific heat of the condensate at the mean film 
Pf
temperature, T , and \ is the latent heat of condensation of the 
F
condensate.
This correction factor, Equation 10, is recommended (81) as a 
satisfactory approximation to the more complex equations proposed by 
Bromley (10) for the range of
o < CPf AT < 1.0 11
X
It is believed that the effect of this refinement becomes more 
important at high values of liquid subcooling or more precisely high 
values of Cpf AT/X. The magnitude of Cpf AT/X for great many cases is 
quite small (0 to 0.2). For such cases Rohsenow (81) proposed the 
latent heat term \ used in Equation 1 be modified to K , where
x' « X +  2 C_f AT 12
8
However, for cases where C AT/X is smaller than 0.2, such as
Pf
hydrocarbons used in the present work, the magnitude of the \* does not
differ greatly from \ and its effect upon theoretically calculated hm
is less than two per cent.
The effect of vapor velocity outside a tube and at right angles to 
the drainage was not calculated by Nusselt. However, Jakob, Erk and Eck 
(45) found the condensing coefficient of steam inside a vertical tube 
to vary directly with the velocity of vapor. Schmidt (91) condensed C02 
Inside a vertical tube at a pressure up to the critical point. The 
experimental values were about twice Nusselt's values and showed a marked 
dependence on vapor velocity. Mon rad and Badger (65) noted that of much 
greater Importance than the effect of vapor velocity was the effect of 
turbulence In the fluid film of the condensate. Klrkbride (53) reported 
that the main reason that experimental data on condensing vapors on 
vertical tubes were higher than Nusselt*s values, was the effect of the 
turbulence in the condensate film. Colburn (20), reviewed the results 
of Klrkbride and developed a correlation equation based on a simplified 
description of the condensate layer which was considered as being composed 
of a laminar sublayer and a turbulent outer region. The laminar layer 
was considered to have the controlling resistance to heat transfer. This 
type of analysis was extended by Carpenter and Colburn (17) to include 
the effect of shear stress. Rohsenow and co-workers (82) present 
analyses showing the effect on rate of condensation of vapor shear stress 
at the liquid-vapor Interface. Both laminar and turbulent films were 
considered and were combined to give analytical resultB for the case of 
laminar flow on the upper portion of a vertical plate and the turbulent
L 3
flow on the lower portion.
Condensation of Binary Mixed Vapors
To apply the Nusselt film coefficient of heat transfer to the
condensation of mixed vapor, it is necessary to determine the temperature
drop across the condensing film. This requires the evaluation of the
temperature at the vapor-liquid interface. Colburn and Drew (21) have
studied this problem by relating mass and heat transfer. Their work is
summarized in the following paragraphs:
Figure 1 shows the local conditions at a point on the cooling
surface of a condenser operating under steady state conditions. The
vapor mixture, with a composition y of the more volatile component
A, flows at a temperature T^ parallel to the surface of the wall, and
is separated from that face by a stream of condensate in which the molt
fraction of component is xc.
The local heat flux per unit area Q absorbed by the cooling medium
is the sum of three quantities: qc , the sensible heat of cooling the
condensate; q , the latent heat evolved by condensation at the interface 
\I
I - I; and qg , the sensible heat received from the vapor. All of these
q's are considered for unit area of the vapor side of the wall. Usually
q and q are small compared to q The picture is the same as that
\I
for condensing a pure vapor, and, if the interfacial temperature T^ can 
be determined, the heat transfer problem for the condensate layer is 
reduced essentially to the pure vapor case, and is thus solved.
The Lewis-Whitman film theory of mass transfer (56) infers that 
between the interface I - I and the main vapor stream there exist a layer
14
Q ■* i
FIGURE I.
TEMPERATURE AND CONCENTRATION GRADIENTS 
FOR A CONDENSING BINARY VAPOR
15
oi vapor that is in laminar flow. At points within this layer the molal 
rate of transfer of the lower boiling component toward the Interface in 
the cases of equimolal counter diffusion would be given by
dcA D dp.
N - - D   13
A V dz RT dz
c « concentration of component A, Lb.-moles/Ft.3
Dv *■ molecular diffuslvity in gas, Ft.2/Hr.
N «■ Rate of diffusion of component A, Lb.-moles/Hr.Ft.
« partial pressure of more volatile component, A, Atm.
R^ ■ gas constant, Ft.3 atm/lb-mole, ®R.
T * absolute temperature, °R.
z ■ distance in direction of diffusion, Ft.
Equation 13 expresses the mass transfer due to molecular diffusion
alone. However, another factor, eddy diffusivlty, is Involved which
must be considered. Equation 13 indicates that molecular diffusion in
the gas is proportional to the partial pressure gradient of the diffusing
gas. Since eddy diffusion in a gas stream is also proportional to the
partial pressure gradient, the mixed process of eddy and molecular
diffusion involved in a mass transfer may be expected also to be
proportional to the partial pressure gradient. Since the relative
importance of eddy diffusion and molecular diffusion is not known, the
unknown diffusivlty and the average length of the diffusion path are
combined together in the form of a coefficient k . Then, the molal rate
O
of transfer of the more volatile components, A, by eddy and molecular 
diffusion toward the Interface is defined by the following equation
N * k (p - p ) 14
A g AV Al
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where p Is the partial pressure of the more volatile component in the
main vapor stream and p is the partial pressure of the more volatile
component at the Interface.
For the more general case of condensation of binary vapors with no
inert gas present, the movement of mixed vapor toward the cold surface
carries the components more rapidly than if transfer were solely by
diffusion. Let N and N represent the molal rate of condensation of
A B
components A and B from the binary vapor mixture containing y mole
fraction of the more volatile component A at a total pressure P. Let
y be the mole fraction of component A at the interface I - I (at T ) 
Al 1
and let z be the distance from the bulk vapor in the direction of 
diffusion. Then, the mass transfer to the Interface between vapor and 
liquid which is brought about by diffusion through the laminar film 
and the bodily transport due to condensation may be represented by
dpAN - k Z — ; - + (N + N ) y 15
A g g dz A B A
where k is "film coefficient" of mass transfer and Z is the thickness 
8 8
of the laminar vapor layer.
In Equation 15, the first term on the right represents the rate of
diffusion of component A with respect to (A + B) and the second the rate
of bodily transport of A due to condensation of A and B. The former is
an approximation only, since thermal diffusion is neglected; k for the
8
component A depends on the partial pressure and diffusion coefficient
of component B. Equation 15 may be integrated from y ■ y at z ■ 0
A AV
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(main body vapor mixtures) to ■ y ^  at z ■ Z (condensate surface), 
the result Is
N + N
(N + N ) « k P In A  B------------------  16
A B g N
 A___ _ y
"a + nb Av
At the vapor-liquid Interface, N and N are at a temperature T .
A B X
Neglecting any heats of mixing and assuming that the enthalpies of pure 
components in both the vapor and liquid phases are additive, the latent 
heat of mixture is expressed as:
\ l  ■ NA (hgA - V  + NB <hgB * hlB> 17
where q is heat of condensation and h and h, are enthalpies of
g 1
saturated vapor and saturated liquid, respectively, both being taken at 
Tj.. Assuming the molal latent heats of both components to be equal, 
Equation 17 can be expressed as:
- ("a + V h 18’U  ' A B'
where is the mean molal latent heat of the components at the temperature
V
The heat flux q , which arrives at the Interface as sensible heat, 
8
arises from two sources; first, the cooling of main stream of vapor and, 
second, the cooling from the main stream temperature to the interfacial
18
temperature, T^, of the (N^ + N^) lb.-moles/Hr.Pt.2 of the vapor which 
are condensing on the area under consideration. Assuming no condensation 
takes place In the film, the amount of sensible heat arriving at the 
Interface Is
q - h 
s g
dT . 
Z ( —  ) 
8 dz
+ ( N M C + N M C ) ( T - T )  19
A A pA B B pB V I
In this equation M and C are respectively, the molecular weight
P
and specific heat of the components. The first term In this equation
represents the heat flux arising from local temperature gradient and
the second term measures the heat accompanying the bulk flow of condensing
vapor stream. Since only temperature varies with Z in Equation 19, it
8
integrates Into
* hs (Tv - V  20
where
CnA + N. M_ C _C » -A k PA— — A— — E*& 21
° h
8
Equation 21 can be reduced to
G c„f
C ■ — -P- 22
h
8
where G is (N M + N M ) and C Is the weighted average specific 
A A B B pf
heat of vapor in the gas film.
19
Substitution of Equation 16, in Equation 18, for (N^ + N^) gives
JL
N* + N AI
q - \ k P In ------ -------  23
M  I 8 N .
---------- - y
N + N AV
A B
The sum of Equations 20 and 23 is the total of heat flux delivered 
to the condensate surface (21).
c .  h t f - ' + V  y * i
q + q  ,   g. (T . t t) + \T k P In A „ p------  24
8 M  i . «-C. I 8 nA
L e  y
N + N AV
A B
The values of h^ and may be evaluated from the following relations 
(94,106),
2/3
l. i. 2/3
«* / * \
J - ) 26
D G V p D /
M M V
where G and Gu are mass rate of flow and molal rate of flow, respectively.
Johnstone and Pigford (47) report data on the rectification of 
several binary mixtures in a wetted wall column, under conditions such 
that the gas-film resistance was 90 per cent or more of the total
20
resistance to mass transfer. Their data is presented by Sherwood and 
PLgford (94) as:
J - 0.033 Re”° ‘23 27
D
Treybal (106) has tabulated J and J relations for various
H D
situations in heat and mass transfer operations. He also shows the 
and factors graphically as a function of Reynolds number or its 
modified form, depending upon flow conditions and whether the operation 
is heat or mass transfer. For flow of gases transverse to cylinder*, 
Treybal recommends Equations 25 and 26, except that the exponents 2/3 
in both equations are changed to 0.56, which shows a better correlation 
than the 2/3 power. Using experimental data of other investigators, 
Sherwood and Plgford (94) also found that for flow of gases transverse 
to cylinders, the exponent 0.56 would correlate the experimental data 
better than when the exponent 2/3 is used.
Equation 16 can be written in exponential form as follows:
N. + Nr
x - y. [ — —  — A
— ----—  * e kgP ' 28
XA " yAI
N
where x =  -A—  is the ratio of the rate of condensation of the more
A Na  + Nfl
volatile component to the net rate of condensation— that is, the mole 
fraction of the more volatile component in the condensate. Substituting 
k from Equation 26 in Equation 28,
O
21
2/3
/ (Nt + N )(P)(p/pD ) x. - y.„ f A _ B/v M v7
e~ JD Gm  P ; " E 29
A AV
XA - yAI
Rearranging Equation 29, gives
y - E y
x . Ia y  Ia i  30
A 1 - E
The values oC y and y are between zero and unity and 1£ condensation 
AV Al
Is taking place, (N. + N_) Is positive and E has a value between zero
A B
and unity.
When the condensate rate Is very small and the value of E approaches
unity, Equation 29 shows that y would approach y.„; thus, the condensate
AX AV
present Is In static equilibrium with the main vapor stream. At the other
extreme, at large condensation rates when the value of E is zero or
approaches zero, Equation 30 shows that x would equal y , or In short,
A AV
bulk flow controls the mass transfer.
Thus, the temperature at the Interface Is related to the value of 
E. When E Is equal to or approaches zero and the composition of the 
condensate approaches that of the main vapor stream, the temperature at 
the Interface would approach or equal that of main vapor stream provided 
there Is no superheat. On the other hand, when E Is unity, then the 
condensate Is In static equilibrium with vapor and the temperature of 
the Interface Is that at which the binary mixture of that composition 
would exist at the given pressure, that Is, at Its normal boiling point. 
Thus, the limits between which the interfacial temperature could vary
22
would be the bubble point of a solution and the dew point of the vapor
of the same composition. Making use of mass transfer data, the
temperature of the interface could be established between the above
limits. With the temperature at the interface known, the temperature
drop across the film could be evaluated for use in Nusselt*s equation.
Using Colburn and Drew (21) nomenclature for N /(N + N ) ■ z, for
A A B
component A, the more volatile component, Equation 16 is modified to:
Z ^AIw z ■ N « k  z l n  ■—  - 31
A g z - y
AV
Assuming V and L represent the molar mass rates of vapor and liquid, 
respectively, Kent and Plgford (50) derived the following equation
-d <>AVV> (*A L)V z »   ■ ■ 32
dA dA
or w (z - y ) - - V (dy /dA) 33
AV AV
Here y and x represents the mole fraction of component A, the 
A V A
more volatile components, in the vapor phase and liquid phases, 
respectively, and dA represents a differential element of heat transfer 
area. Kent and Plgford considered an idealized system in which it was 
assumed that there was no liquid-phase resistance to mass transfer and 
that the interfacial resistance was absent. Under these assumptions, 
the authors combined Equations 31 and 33 to get:
23
dV
v d y.„ ■ <y.T - y„.)'AV W AI 'AV' . w7kl
1 - e *
34
Equation 34 can be written as
dy.
yAI - yA
 ^ d(ln V)
w/k 35
1 - e g
where for simplicity the subscript V Is eliminated from y .
The Integral on the left of Equation 35 is frequently called "the
number of transfer units because its numerical value is a measure of
the amount of composition change accomplished in a binary system,
regardless of Its particular phase-equilibrlum characteristics" (50).
If y is considered constant, the integral can be solved for as shown 
Al
here:
A2
-dy
yAI ' yA
A2
y
Al
Al
In (yAI - yA2> + ln (yAI ‘ yAl>
ln ■ „
Al A2
g
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Numerical evaluation of the integral on the right of Equation 35
"shows the influence of partial condensation on the enrichment. In
order to evaluate it precisely the functional dependence of k on the
g
local value of V should be allowed for" (50). Although exact numerical
values can be found, Kent and Plgford report that it is sufficiently
precise to assume that k is proportional to V and to use the logarithmic-
8
mean value of k in the denominator of the Integral. The authors 
8
propose the following method of obtaining a solution to the integral
For the particular apparatus (condensation inside a vertical pipe) 
used in their investigation, the Interfacial area per unit volume of 
apparatus, a, is given as
where 0 and h are the diameter and the height of the column used in 
their investigation. Substituting Equation 39 in Equation 37,
GM,)(*D /4rtDh)
37
a « « D h / J D 2 h 38
a h ■ A it D h / jtD2 39
25
Nov, k
gl GMl
'Ml 41
Assuming
Ml M2
42
g2
k
g mi
M2
43
Substituting Equations 41 and 43 in 40,
g
GM1 ’ GM2
Avg. V  V  G
<=M1 “  CM1 M2 ah
* i G ,m -Si g M1
Ml
CM1 " °M2
gl
Ml
p • r 
Ml M2
ln
Ml
ah
M2
GM1 * GM2
ln JMl
;M2
kgl (GM1
Ml
Gm2) ah
44
26
[ t
In 2hk 
■ GM2
'Ml H
Avg.
k - ah
gl
ln (GM1/CM2>
45
where H 'Ml
gl k
gl *
kgi aS
46
Substituting V^/Vj £or /*^M2* Equation 45 is modified to
H„i
ln (V1/V2) 47
Avg.
With these approximations, Equation 35 may be solved (50) as :
/'V
N
A2
d yt
J
Al
yAI * yA
In (V1/V2)
d(ln V)
1 - e"w/kg
i  -  ( v 1/ v 2) _Hg i /h
48
Combining Equations 36 and 48,
ln (V1/V2)
49
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If the term H , the composition and the molal mass flow rates of
o
vapors entering and leaving the system are known, the vapor composition
at the interface, y , can be calculated from Equation 49. Once y ^  is
Al
known, the interfacial temperature can be read from the temperature- 
composition diagram. Knowing , the condensing wall temperature, T^, 
the total heat flux, q, and the condensing surface, A, the Newton’s 
equation
q - h A ATj 50
can be solved to determine h^, the film coefficient of heat transfer.
When the term ( V ^ i n  the denominator of Equation 49, is 
sufficiently small so that the denominator is essentially unity, 
Equation 49 simplifies as
y - y
In -A*---- Ai . l n  ( V  /V ) 51
y - yAI A2
yAI ' y*- . Vj/V, 52
hi - hi
Applying Equation 14 to condensation of a binary vapor mixture, the 
rate of transfer of a single component (here the more volatile component) 
is given by Pressburg (77) as;
"a A - (vi yAl - v2 *A2> - (V1 - V  »A1
- v2 (),A1 - yA2> - kg A <yA ' yAI> l.m. 53
In the above equation, the net quantity of the first parentheses
In the left-side is the gross disappearance of the more volatile
component from the vapor phase. This Is due both to condensation of
vapor and to diffusion of the more volatile component relative to the
bulk of flov. The term (V^ - V2) indicates that if there were no
diffusion of the components, then the disappearance of the more volatile
components would be bulk flow which is the change In volume of the vapor
times its concentration. Thus the net quantity of the left-side of
Equation 53, which simplified to ^ x i  ” ^A2^ ’ 8^ou^  t*le net
transfer of the more volatile component by diffusion alone. The equation
meets the test of the two extreme limits. First for case of total
condensation, where no fractionation Is taking place and thus the
composition of the vapor entering and leaving the apparatus does not
change, the quantity of N will be zero. Second for rectification,
A
where there will not be any change In volume of vapor entering and 
leaving the apparatus, the rate of transfer may be expressed by
N A « V (A y ) which is accepted value.
A A
Knowing the required compositions and vapor flow rates, one can 
solve Equation 53 for experimental values of k^.
The number of individual gas-phase transfer units may be 
determined from Equation 36.
The height of an individual gas-phase transfer unit may be determined 
from the following equation (94).
29
or
H - h/N 55
g g
This also can be determined from,
56
g k a P 
g
Of course, determination of H by the two Equations 55 and 56 should
g
give the same results and these equations are not an independent check 
on each other. This can be easily understood from the following equation
ways, must check.
The foregoing equations lmay also be written in terms of over-all 
gas-phase driving force. For example, Equation 53 may be expressed, ln 
terms of over-all gas-phase driving force and over-all gas-phase mass 
transfer coefficient, as
h
H - 57
g N k a P 
g g
where both N (Equation 36) and k (Equation 53) are based on the same
driving force. In fact, Equation 57 shows that H , calculated in both
9
58
which can be solved for K .
g
30
Similarly,
h - H Nn„ 
og °g
59
or
H - h/N og og 60
The number of over-all gas-phase transfer units may be determined 
from the following Integral
r  V
Nog
A2 d y
J yA ' yA yA ‘ yA2
61
Al
The individual and over-all gas-phase resistances may be correlated 
(94) as
1 _ 1 m
k k.
g 1
62
where m Is the slope of the equilibrium line which may be expressed as
m ill
d x
63
The height of individual and over-all gas-phase transfer units may 
be related (94) to each other by
H - H !- m 
og g
M H, 64
31
where is the height of a liquid-phase transfer unit and m is the 
slope of the equilibrium line which is expressed by Equation 63.
Similar equations may be written in terms of individual or over­
all liquid-phase driving force. However, since such equations will 
not be used in the present study, their derivation and explanation will 
be omitted here.
CHAPTER III
PREVIOUS EXPERIMENTAL WORK
A search of the literature shows that very little work has been 
done in determining the heat transfer coefficient for condensing mixed 
vapors forming a single-phase condensate. The only experimental data 
published Is that of Wallace and Davison (103). Their Investigation 
was undertaken to determine film coefficients of heat transfer for the 
liquids condensing from mixed vapors ln the case of a simple binary 
system. The system selected was ethanol-water and condensation was 
effected on the outside of a horizontal tube.
The condensing surface used was a 30 inch long brass tube with an 
outside diameter of 0.84 inches placed inside a 3 inch diameter steel 
jacket. Seventy to ninety per cent of the vapor entering the test 
section was condensed. Uncondensed vapors from the test section were 
passed into a glass auxiliary condenser, where they were totally 
condensed. Mercury-in-glass thermometers were employed to measure the 
temperature of entering and leaving cooling water and the vapor. The 
surface temperature was measured by 6 copper-constantan thermocouples 
imbedded on the test surface and arithmetic average of these readings 
were taken as the average surface temperature. The binary mixture 
placed ln a steel drum was heated and vaporized with a steam coil. 
Condensate was collected and weighed and a heat balance was made on 
the basis of the quantity of the cooling water and the temperature 
raise.
The initial experiments were carried out with the composition of
32
33
the condensate kept constant and the cooling water rate varied. Later 
work was performed allowing the condensate composition to vary with 
constant cooling water rate.
The determined heat transfer coefficients were plotted against 
the cooling water flow rate for four different compositions of condensate 
from mixture of alcohol-water. The film coefficient decreased with an 
increasing velocity of cooling water. This effect became more pronounced 
as the composition of mixed vapors deviated from pure alcohol. It was, 
therefore, unsatisfactory to apply Wilson reciprocal plot, which 
assumes that the coefficient for condensing film to be independent of 
water rate, to system of mixed vapors.
Heat transfer coefficients were also plotted against the 
concentration of the condensing mixture for two constant flow rates.
Based on these water rates, the following equation was derived which 
relates the condensing heat transfer coefficient, h, to the mean mole 
fraction of ethanol, M, in the condensate.
(11.45 - 8.35 M) 
h - (M - 0.008) e + 3 5 0  65
The relationship was found to be satisfactory for mole fraction of
ethanol above 0.10.
It was assumed that temperature drop across the liquid film would 
be the difference between the temperature of vapor and the tube surface. 
The coefficient calculated in this manner was called the "apparent" 
coefficient. "Actual h" values were calculated on the assumption that 
the true temperature at the liquid-vapor interface was the boiling 
point of the condensate and not the actual vapor temperature. In order
34
to illustrate the differences between apparent and actual coefficients, 
the two values were plotted on the same graph against mole fraction 
ethanol in the condensate. There is little deviation for high mole 
fraction of ethanol, but when the water content in the condensate 
increased above 50 per cent, the differences between the two curves 
became increasingly greater.
In summary, all the data obtained represented high condensation 
rates and were in agreement with the Colburn-Drew (21) prediction that 
the condensate composition would approximate that of the entering vapor.
Other data on film coefficients for condensing binary vapors have 
been obtained by Trachtenberg (105), Todd (104), and Malone (59). 
Trachtenberg investigated the methanol-isopropanol system. Todd 
experimented on acetone-methanol and methanol-benzene systems. Malone 
studied ethanol-benzene and n-butyl alcohol-benzene systems. All the 
data were obtained with the apparatus used in the present work, which 
except for slight modification is that originally built by Todd (103). 
Their investigation was carried out essentially in the same manner as 
used in the present work which is fully explained in Chapter V. For
each concentration the calculated heat transfer coefficients were plotted
against temperature drop across the film. Using values from these curves, 
plots were made of film coefficients at constant temperature drop against
the composition of the condensate expressed as mole percent. The curves
obtained for the coefficients with temperature drop across the film 
based on the bubble point of the condensate were more linear than those 
using a temperature difference across the film based on either the vapor
35
temperature or the dew point of the condensate. However, even these 
curves were not completely straight line; in an attempt to smooth out 
these curves, Todd (104) plotted the bubble point coefficients against 
weight per cent composition of the more volatile component in the 
condensate. This was accomplished somewhat, especially in the case 
of the methanol-isopropanol system which approaches ideality more so 
than the other systems Investigated.
The curves based on the dew point and the vapor temperature were 
also similar in appearance and such should be the case for the two 
temperatures were not greatly different. In all cases these latter 
curves exhibited a minimum point. The temperature-composition diagrams 
showed that these mlnlmums occurred where the differences between the 
bubble point and dew point of the condensate were greatest.
From the results of these studies it was concluded that the bubble 
point of the condensate was the correct temperature to use with the 
theoretical Nusselt equation. It was also concluded that, for the 
systems investigated, the coefficients can be predicted without any 
serious error by linear interpolation of the values of the pure components 
at the same temperature drop across the film.
Kent and Pigford (50) primarily interested in fractionation effected 
in condensation, reviewed the problem of the simultaneous condensation 
of a binary vapor mixture and, in addition, obtained experimental 
evidence to show that mass transfer effects are in agreement with the 
Colburn-Drew theory. The authors report the results of experimental 
studies of a condenser used to fractionate mixtures of ethylene
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dichlorlde and toluene. Details of the apparatus used In their 
investigation are given in reference (50). Very briefly, the apparatus 
consisted of a wetted-wall distillation column surrounded with an 
annular jacket. Water was circulated in the annular jacket, under 
controlled conditions, to produce known and nearly uniform rate of 
condensation. With an external reflux, supplied from a total condenser 
operating on the exit vapor stream from the test section, the column 
could be operated as an adiabatic counter current distillation unit or 
as a partial condenser.
The Investigation showed that the observed mass transfer effects 
were in agreement with the Colburn-Drew film theory, which accounts for 
the influence of the net mass exchange on the relative mass transfer 
rates of the components. It was found by Kent and Pigford that observed 
resistances to mass transfer agreed qualitatively with values 
independently measured; the dlffusional resistance of the llquid-phase 
had a pronounced effect on fractionation, which conformed to the Rayleigh 
theory of equilibrium differential condensation.
CHAPTER IV
APPARATUS
Briefly, the apparatus consisted of a steam heated reboiler 
connected to a vapor jacket surrounding a 3.908" diameter copper bar, 
mounted horizontally, which acted as a condensing surface. The vapor 
Jacket was connected to an auxiliary condenser to take care of any 
vapor not condensed on the primary condensing surface. Cooling water 
was introduced into both ends of the copper bar through especially 
drilled holes and removed at the opposite ends. A system was provided 
for the collection of condensate from a known condensing surface. The 
rate of heat transferred was determined by using the weight of the 
condensate and the latent heat data. The temperature drop was obtained 
by measuring the temperature of the vapor and of the condensing surface.
A schematic diagram and a photograph of the system are shown in Figures 
2 and 3, respectively.
To determine an accurate film coefficient, it was necessary to 
provide a precise method for evaluating the amount of heat transferred, 
q, and the temperature drop across the film of condensate, At, for a 
given heat transfer area, A. Of these terms, probably the most difficult 
to measure accurately was the temperature drop across the film of 
condensate. It was very much desirable that its value be known very 
accurately, and it be of the same magnitude for all points on the 
condensing surface. For the pure liquids, the temperature drop across 
the film was the difference between temperature of the saturated vapor 
and the temperature of the condensing surface, whereas for the binary
37
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mixtures It was desired to determine the correct temperature difference 
across the condensate film.
For a complete detail of the design and structure of the unit 
reference Is made to work of Todd (103,104). Several modifications 
made for the purpose of this particular study are described; however.
For the present work the reboller system was modified to include a 
Diaphragm Control Valve, Type 86-D, accompanied by a Type 1440 Pressure 
Controller from Black, Sivalls and Bryson, Inc., and a Turnbuckle type 
Valve Positioner from Moore Products Company. With the new control 
valve it was possible to control the heat input to the system to maintain 
a pressure of 2" to 4" of water in the vapor jacket throughout a run.
The outlets from the steam coils were put under a liquid seal provided 
by the condenser water. Upon Malone's suggestion (59) a double bottom 
was furnished for the condensate trough. The space between the double 
bottom was filled with asbestos powder to act as an insulant to prevent 
any reboiling of condensate when systems involving components of widely 
different boiling points are studied. This is shown in Figure 4.
Originally, a mercury thermometer was placed in the vapor jacket. 
Upon Malone's suggestion, the thermometer was replaced by four copper* 
constantan thermocouples of 30 B and S gauge. Four 3/8" holes, two on 
the top and two on the sides, were drilled on the vapor Jacket and tapped 
for 1/8" pipe thread. The thermocouple wells were made of silver 
soldered 1/4" copper tubing and wete extended 1/2" in the vapor jacket. 
Figure 5 shows the location of the thermocouple holes on the Jacket.
To measure the temperature of the condensate, a copper constantan
figure 4
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was placed in a 1/4" copper tubing-well that was welded into the 
condensate line.
The temperatures indicated by four thermocouples installed in the 
vapor Jacket and the one put in the condensate line were checked against 
a series of known temperatures. For this purpose, distilled water and 
lubricating oil were used as heating medium. In each test the cold 
junctions of the thermocouples were kept in ice-water bath at 32°F. and 
the hot Junctions were iimnersed with a thermometer in the heating 
medium. The medium was heated to a fixed known temperature and the 
e.m.f. generated by each thermocouple was recorded. The medium was 
heated further to a higher temperature and then its temperature dropped 
until it reached the fixed known temperature and the generated e.m.f. 
were recorded again. The temperature readings for the five thermocouples 
are summarized in Table I. The highest temperature difference noted 
between the thermometer readings and the thermocouple readings is 1.8°F 
for heating lubricating oil at 180°F. The discrepancy between the 
thermometer and the thermocouple readings can be attributed to either 
or both of these causes: that the thermometer used was neither a standard 
nor a corrected thermometer; or the heating medium was not and could not 
be kept at a constant temperature. The thermometer Indicated a change 
as high as 0.5°F in the bath temperature. With these limitations in 
mind, it can be said that the readings shown by the thermocouples are 
accurate enough for this work and the thermocouples can be used safely 
without any calibration. Temperature was measured by reading the 
electromotive force generated by the thermocouples using a Brown
TABU I
VAEIATIOM OP TEMPKRATOKES INDICATED BY THE JACKET THEDfOCOUFLES■ m
(Cold Junction: Distilled Water at 32°F.)
Temperature Beading of the Thermocouple*, °f.
Thermo
couple 1 2 3 4 5
No,
Temper*
ature ■eating Cooling Heating Cooling Heating Cooling Heating Cooling Heating Cooling
qf the
Medium
°F. ■eating Medium: Distilled Hater
100 99.2 101.0 100.0 100.0 99.8 100.4 100.6 100.5 100.0 99.8
120 118.9 120.6 120.3 119.3 119.5 119.5 120.2 119.2 120.3 120.5
140 139.9 140.0 139.4 139.8 140.4 140.5 140.2 140.3 141.0 140.1
160 159.2 160.0 159.4 159.6 159.3 159.8 160.0 160.0 160.2 160.4
180 180.4 179.5 181.3 179.7 180.5 179.6 180.0 180.3 180.6 179.7
200 199.1 199.6 199.4 199.6 200.0 199.7 199.2 199.5 200.1 200.7
■eating Medium: Lube Oil
80 80.3 80.0 79.6 80.1 79.7 79.6 79.2 79.9 80.1 80.2
100 98.8 99.3 99.2 99.8 99.2 99.1 99.6 99.7 100.0 100.4
120 120.6 118.6 120.7 119.6 119.6 118.4 119.6 118.8 119.8 119.2
140 139.3 139.7 139.2 139.4 139.6 140.2 139.7 139.9 140.0 141.2
160 160.1 158.9 159.4 159.9 159.2 160.2 160.6 161.1 159.8 160.7
180 178.8 179.6 178.2 179.5 179.2 180.0 179.7 179.9 179.6 180.1
200 198.9 199.7 199.2 200.2 199.7 199.9 199.6 200.0 200.3 200.2
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Electronik High Precision Multirange Indicating Potentiometer. The 
reference junctions of the thermocouples were maintained at 32°F. in 
an ice-water bath contained in a Dewar flask.
An auxiliary condenser was assembled to the vapor jacket to condense 
the excess vapor passed through the jacket without being condensed on 
the bar. A feed tank was connected to reboiler so that the condensate 
could be returned as necessary to permit operation over an extended 
period. The entrance of the condensate feed line was located at
extreme left side, at the bottom of the reboiler. Later, it was felt
this arrangement could produce concentration gradient from one end of 
the reboiler to the other and to eliminate such a possibility, the 
location of the line was changed to enter near the center of the reboiler.
For the analysis of the hydrocarbon mixtues, a Bausch and Lomb 
Precision Refractometer, model 33-45-01, was used. Water from a constant 
temperature bath was circulated through the refractometer to maintain 
the instrument at constant temperature of 25°C.
To construct a calibration curve of refractive index versus mole 
percent composition for each binary system, ten mixtures of known 
compositions were made and the refractive indices of the mixtures were 
measured and the calibration curve was plotted. The data are summarized
and shown in the Appendix B, Section XII.
CHAPTER V
EXPERIMENTAL WORK
The previous experiments performed on the binary mixtures at the 
Louisiana State University were primarily on alcohol-benzene systems.
For the present study it was decided to resume the study on binary 
systems of paraffinlc and aromatic hydrocarbons, mixtures of which show 
non-ideal volatility characteristics. The study was also to Include 
ideal systems of binary mixtures of paraffinlc hydrocarbons. However, 
for the time that was available, only three binary systems of parafflnic- 
aromatic mixtures were studied. The binary systems chosen were 
n - heptane-benzene, n -heptane-toluene, and n-hexane-toluene. Primary 
reasons for these choices were the facts that, (1) vapor-liquid 
equilibrium data were available for these systems, (2) the systems were 
non-azeotroplc type and the equilibrium diagrams showed a relatively 
large temperature difference between vapor and liquid lines, (3) the 
components of each system had widely different theoretical (calculated) 
heat transfer coefficients, (4) moderately large differences between the 
refractive indices of the pure components provided a means of analyzing 
the mixtures, and (5) these compounds would not have adverse effects on 
the equipment in use and should cause minimum permanent deposits on the 
condensing surface.
Reagents
Since the operation of the unit required a rather large volume of 
liquid and because it was felt that these would be more representative 
of industrial practice, available technical or commercial grade reagents
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were used without additional purification. However, purity in all cases 
was high, as is Indicated by a comparison of refractive indices with the 
literature values for pure hydrocarbons as is shown below.
25*CHydrocarbon Refractive Index
Literature Experimental 
Benzene 1*49792 1.49744
Toluene 1.49414 1.49218
n-Hexane 1.37226 1.37225
n-Heptane 1.38511 1.38558
The benzene and toluene were reagent grade, thiophene-free, with a 
purity of 99 mole per cent and 95 mole per cent, respectively. Both 
were purchased from the Matheson Chemical Company. n-Hexane and 
n-heptane were purchased from the Phillips Petroleum Company. n-Hexane 
was of commercial grade and n-heptane was of technical grade with a 99.5 
mole per cent purity. Phillips Petroleum Company also furnished a 
research grade, 98.4 volume percent pure, para-xylene. Although the 
specification data supplied by the organization showed a negative Doctor 
Test, the copper bar was completely tarnished upon the first run on the 
unit. Consequently this hydrocarbon was eliminated.
Procedure
At the beginning, the unit was completely dismantled, modified 
wherever it was needed, and cleaned. The cleaning included the reboiler, 
Jacket, condensing surface, auxiliary condenser, water tank, feed tank, 
and all the steam, water, and connecting lines. Except for the condensing
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surface, the rust and debris were removed either by iron brushing or 
air blowing.
The terminals of the thermocouples on the condensing bar were 
relocated and arranged in the terminal box.
The condensing bar was polished with crocus cloth and soft
rags.
Once the original cleaning was over, the unit was reassembled, 
and a small volume of benzene was put in the system, and the unit 
was run for a short while to check for the possibility of leaks in 
the system. When it was noticed that there were no leaks in the unit, 
the heat supply was cut off, and after cooling the benzene was drained 
out.
The bar was removed from the Jacket and polished twice during the 
experimental work. Once was when a run was made on para-xylene which 
completely tarnished the bar (see above). The other time was after 
five months of operation when the bar was tarnished. At other times, 
after each set of runs were completed on a pure hydrocarbon or a mixture, 
the bar was cleaned in the jacket by using crocus cloths and soft rags.
The surface was then rinsed with the liquid to be used and polished 
with a soft cloth. Then the unit was purged with air to remove any 
traces of the liquid or vapor.
About eight gallons of liquid were placed in the reboiler to begin 
the experiment. This volume was sufficient to cover the steam colls 
during operation which could be checked by the sight glass on the 
reboiler. It was necessary to cover the coils to prevent any superheating
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of the vapor.
At least one hour prior to any run, the reference junctions of 
thermocouples of the condensing surface, jacket, and the reboiler 
were placed in an ice-water bath so that equilibrium could be reached.
For small temperature drops, the blender was adjusted to give higher 
cooling water temperatures. Once the temperature of the cooling water 
from constant head tank was established and remained constant, the 
cooling water flow rate through the condensing bar was adjusted. This 
adjustment, for the desired temperature difference, was made by 
regulating the flow until the outlet water temperatures from both ends 
of the condensing bar were the same. Theoretically, the flow of the 
coolant should be regulated so that the manometer in each branch of 
the cooling system to the bar would be equalized. However, It was 
found that this would result in l°F. or 2°F. temperature difference 
between the water outlet temperatures from both ends of the bar.
Therefore, it was decided to equalize the outlet water temperatures, 
rather than the flow rates, though at no time were the manometers 
differences as high as 0.5" of Mercury.
Flow of water through the condensate sub cooler and the auxiliary 
condenser were also adjusted, with enough water passing through the 
auxiliary condenser to insure complete condensation of the vapor entering.
All valves between the reboller and the vapor Jacket and all valves 
between the vapor jacket and the auxiliary condenser were opened. The 
vent on the auxiliary condenser was also opened, under a liquid seal of 
the hydrocarbon under experiment. This wss necessary in order to prevent
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* build up of pressure in the system and to allow the vapors to purge 
the air from the unit before a run was started as well as to keep the 
air from getting into the system in case there was a temporary vacuum 
due to lowering of the heat input. The condensate line valves were 
adjusted for recycling to the reboller. Steam was then admitted to 
the heating coils and the liquid vaporized. During this initial warmup 
period an excess amount of vapor was fed to the auxiliary condenser 
to force out any non-condensables from the system. For benzene runs 
the steam flow then was adjusted manually. Some difficulty was 
encountered in maintaining a constant heat input due to pressure changes 
in the steam supply. This difficulty was partially eliminated by 
"loading" the steam supply line, thereby throttling the valve, rather 
than permitting to alternate between open and closed. However, when 
the manually controlled valve was replaced by the new automatic control 
valve, the above difficulty was completely eliminated. The steam flow 
was then adjusted until the condensate film on the bar appeared to be 
uniform and only a small amount of vapor passed to the auxiliary condenser. 
The amount of condensate from the auxiliary condenser was kept at a low 
value, approximately ten percent of that on the primary condenser, in 
order to assure almost total condensation in the vapor jacket and yet 
to maintain the system free from non-condensables and to prevent possible 
infiltration of air through unknown leaks. It was found that a pressure 
of 2" to 4" of water, Indicated by the manometer attached to the vapor 
jacket, within the system maintained the desirable conditions. The 
warmup period was about one hour, after which the Burface temperatures
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of the bar, jacket temperatures and others were checked to be sure that 
the system was In a steady state condition.
After all adjustments had been made, the valves in the condensate 
lines from the jacket and the auxiliary condenser were adjusted to route 
the condensates to the collecting bottles. Minor adjustments In heat 
input were necessary as the condensates were cooled, collected, and 
returned through the rotameter to the boiler. Uhen steady state 
conditions were resumed and were Indicated for a period of 30 minutes, 
a run of 15 to 25 minutes was made. For pure and mixed hydrocarbons, 
the total amount of the condensate from both the primary and the auxiliary 
condensers for the timed period were collected, weighed, and immediately 
returned to the reboiler at the same rate as it was collected. For the 
pure hydrocarbons this maintained a constant demand on the heat input 
and eliminated the possibility of the vapor surges in the vapor jacket.
For mixtures this was necessary in order to keep a constant composition 
during the period of a test. As an aid in keeping the rate of feed­
back to the reboiler equal to the amount of condensate, particularly in 
the case of mixtures, about 3/4 of a gallon of the liquid was maintained 
in the feed tank as "holdup". The feed-back rate was controlled by use 
of the rotameter located between the feed tank and the reboiler. Through 
a trial and error procedure a rate was established so that the amount 
of the condensate collected was equal to the feed-back. In case of 
mixtures, during the trial and error period, samples of the condensate 
were analyzed by the use of refractive indices to determine the 
composition of the condensate. Once the variation in the composition of
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the condensate samples were less than 0.5 mole per cent, the test was 
started.
During the course of a test on the mixtures, three samples of the 
condensate from the primary condenser, one sample of the condensate 
from the auxiliary condenser, and one sample of the reboiler liquid 
were taken and analyzed immediately after the tests of the mixture 
were over. The analyses were made with a refractometer and a previously 
constructed refractive index-composition curve.
The electromotive force generated by each thermocouple was determined 
three to five times during a run. The average inlet and outlet water 
temperatures, the jacket pressure, and the steam pressure were recorded.
To evaluate the surface temperature, the readings of the surface 
thermocouples were averaged and the temperature was obtained from a plot 
of the electromotive force versus temperature. The Jacket temperatures, 
and the entering vapor temperature were determined in the same manner.
In addition to four pure hydrocarbons, three binary systems 
including (a) benzene-n-heptane, (b) n-heptane-toluene, and (c) n-hexane- 
toluene were studied. Data were collected for each binary system at 
composition of approximately 20, AO, 60, and 80 mole per cent of the 
light component.
CHAPTER VI 
RESULTS AND DISCUSSION
Both Todd (104) and Malone (59) encountered difficulties in 
temperature measurements and keeping a constant supply of heat to the 
apparatus, particularly In the case of binary mixtures. For the present 
work these difficulties were eliminated. The temperature measurements 
were made accurately and very rapidly with a Brown Electronik 
Potentiometer and the steam supply was controlled very easily with a 
control valve. Both of these new features are discussed in Chapter IV.
The result of adding these new features was that the experimental data 
proved consistent and reproducible. To insure precision in measurements, 
throughout almost the entire experiment each test was duplicated for the 
same operating conditions.
HEAT TRANSFER DATA
One of the objectives of this work was to study the effect of 
composition on the heat transfer coefficient of condensing binary vapors 
forming a single liquid phase. To accomplish this, the film coefficient 
of heat transfer for the pure components was measured first; then, the 
film coefficient of heat transfer for binary systems of various composition 
of condensate was determined. The film coefficient for both pure and 
binary vapors was calculated from Newton's equation
q “ W ' \ * h A AT 66
For pure materials the rate of heat transfer, q, was determined by
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multiplying the condensate rate by the latent heat of condensation of 
the component, which was reported in the literature (84). The temperature 
difference was determined by knowing the vapor temperature and the 
condensing surface temperature, which were both measured accurately. 
Knowing the area of the condensing surface, the film coefficients of heat 
transfer for the pure components were calculated from Equation 66.
For binary systems, a series of determinations was carried out 
under such conditions as to maintain a constant condensate composition 
and almost total condensation. The amount of heat transferred was 
determined in the same manner as that for condensing pure materials, 
except that the latent heat of condensation for each system was 
determined from an enthalpy-concentration diagram which was prepared 
before. The temperature difference was determined in four ways: the
temperature of entering vapor, the dew point of the condensate, the 
boiling point of the condensate, or the interfacial temperature minus 
the average wall temperature. Then film coefficients were calculated 
based on each of the above temperature differences.
The required physical properties of the pure and mixed hydrocarbons, 
Nusselt'a physical property group, vapor-liquid equilibrium data, and 
enthalpy-concentration data for the binary mixtures are given in Appendix 
B. Step-by-step sample calculations for both pure and binary vapors are 
given in Appendix C.
1 - Pure Vapors
The results for the pure components are tabulated in Table II A 
through D, and they are plotted in two forms: (1) heat transfer
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TABLE II
FILM C0WTICHNT8 OF COMDEX} IN 0 PURS 7APCSS
a m a n
T *^> *ra tu ra , *F . F ll* C o e ffic ie n t P h y iica l Reynold*
P roperty No.
Vapor
*»!•
W all
Tw p. AT
Qm .  /  K in .
■w
Dwi / n* *
E xperi­
mental
* ♦
Theore­
t ic a l
♦
JACJCfT PRESSURE' 2" -  b”  WATER
177.3 lb o .5 36.8 9b8.b 2b2 217 89b.7 2bl
177.1 139.0 38.1 1000.0 2b6 21b 893.2 253
177.5 lbO.h 37.1 988.3 250 21b 89b.7 252
176.3 135.3 lil.O 1066.0 2bb 208 889.li 265
177.2 lb l.O 36.2 9b8.b 2b6 226 895.0 2b2
177.2 152.7 2b.5 7b l.3 28b 236 906. b 199
176.8 150.6 26.2 763.3 273 232 90b.2 203
176.9 156.2 20.7 669.b 303 237 909.7 182
176.7 l6 b .9 11.8 b l9 .b 33b 280 918.0 118
176.6 155.b 21.2 663.9 295 2b3 908.6 180
177.1 lb3 .1 3b.0 902.2 2b9 220 897.2 232
178.0 150.9 27.0 803.0 279 228 905 .0 21b
177.5 152.5 25.0 75b. 2 28b 232 906. b 202
177.1 lb 9 .0 28.1 Sflb.b 268 228 902.8 212
177.9 155.7 22.2 682.0 288 2bl 909. b 185
178.1 155.5 22.6 696.0 289 2b0 909.b 189
177.8 160.2 17.6 580.2 309 253 913.8 161
178.3 161.2 17.1 587.b 322 253 91b.9 16b
178.1 16U.2 13.9 510.7 3b5 26b 917.7 lbb
178.6 165.5 13.1 L77.3 3b2 270 919.2 136
178.2 lb 7 .2 31.0 888.5 269 219 901.5 233
178.1 117.5 30.6 815.6 250 232 901.2 21b
177.8 136.6 b l.2 1065.0 2b2 209 891.2 266
179.9 13b.9 L5.0 1095.0 228 207 890.2 273
JACKET PRESSURE' 1" -  b* MERCURY
179.8 151.0 28.8 989.5 323 213 905.0 265
179.2 150.5 28.7 896.2 293 220 905.0 239
180,7 lb b .3 36.b 990.0 255 213 9Qb.6 263
181.0 150.3 30.7 1000.0 305 212 905.b 267
178.9 151.0 27.9 915.5 308 217 905.5 2b5
178.7 150.b 28.3 877.2 291 221 90b.7 23b
182.7 152.9 29.8 935.0 295 217 906.3 253
182.2 151.3 30.9 953.0 290 215 906.6 256
178.6 lb 9 .8 28.8 970.0 316 215 90b.0 257
177.5 lb9 .2 28.3 921.0 306 216 905.0 2bb
179.7 156.5 23.2 789.0 319 229 910.8 216
180.5 157.6 22.9 630. b 3b0 221 912,0 229
178.b 15b.0 2b.b 78b.0 yd 221 908.0 212
181.2 155.8 25.b 91b. 0 338 218 911.2 251
182 .b 152.7 29.7 939.0 297 217 90B;O 25b
180.6 152.5 28.3 908.7 302 218 907.1 216
180.1 153.6 26.5 91b. 0 32b 216 906.1 2b7
180.8 15b. 3 26.5 90b.0 320 219 909.0 2b5
180.8 153.9 26.9 907.3 317 219 908.7 2b6
179.1 152.1 27.0 833.7 290 225 906. b 22b
180.9 155.b 25.5 869.3 320 222 869.3 1)7
179.6 155 .b 2b .2 826.2 321 226 909.8 225
181.6 157.2 2b.b 897.3 3bb 218 912.0 2b7
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TABLE II
fUM C0E1TIC1SOT5 OF CORXSINO PCRE VAM& 
D n-HKUME
Boa
Vo.
Taaparatuia,
I n .
*F .
Condanaata 
Qaa. /  M in.
F lla  C o a ffic la n t 
Btu /  H r. Ft.® *F .
Ptayaleal
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Vapor
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Ta*>. AT M
E xpari-
aan ta l
Thaara-
t le a l
* “ f
K xparl-
■ a n til
Ttaaora-
t is a l
1 156.7 U*7.6 9.1 263,0
FIRST SERIES 
21*8 251 829.8 125 0.299 0.302
2 157.0 11*7.8 9.2 287.1 21*9 2i*9 829.8 127 0.300 0.300
3 156.8 U il.O 15.8 152*8 229 215 829.8 196 0.276 0060
1* 156.9 11*1.0 15.9 1*1*0.9 221 217 828.0 191 0.267 0.262
5 156.9 137.1* 19.5 51*0.9 222 20b 828.6 23t 0.268 0.21*
6 156.8 137.2 19.6 51*6.3 222 203 828.3 231* 0.268 0.216
7 157.0 13!i.O 23.0 610.L 212 196 827.8 258 0.256 0.237
B 157.0 129.3 27.7 696.9 200 189 827.0 290 0.21*2 0.226
9 157.0 129.2 27.8 700.0 201 188 827.C 291 0.21*3 0026
10 156.9 12l*.0 32.9 796.7 193 181 826.1 325 0.23L 0.219
11 157.1 123.9 33.2 810.7 195 180 826.1 331 0.236 0.218
12 157.0 119.2 37.8 1013.5 211* 168 825*L 1*07 0.259 0.204
13 157.0 119.2 37.8 1028.1 217 167 825.1* 1*13 0.263 0.203
U 157.0 115-0 1*2.0 1221.8 232 159 821* .1* 1*83 0.282 0.192
15 156.9 U Ji.2 12.7 385.0 21*2 226 829.3 169 0.292 0.273
16 157.0 11*1.1* 12.6 381.2 21*1 227 829.1* 167 0.291 0.271*
1 156.8 153.8 3.0 165.5
SECOND SERIES
1*1*0 298 830.8 75 0.530 0.359
2 156.9 152.5 lt.l* 210.6 382 276 830.6 95 0.1*60 0.332
3 156.9 150.1* 6.5 268.3 329 251. 830.3 120 0.397 0.306
!* 156.7 150.5 6.2 257.3 331 258 830.3 115 0.399 0 .3 U
5 156.8 1LL.2 12.6 1*22.0 268 220 829.3 185 0.321* 0.265
6 156.9 lU t.2 12.7 1*29.0 270 219 829.3 188 0.325 0.26b
7 156.9 1 U .2 12.7 L1*0.0 276 217 829.3 193 0.333 0.261
6 156.9 11*0.8 16.1 511.2 253 207 828.8 221 0.306 0.250
9 157.0 136.8 20.2 607.5 21*1 196 828.2 259 0.290 0.237
10 157.0 136.8 20.2 608.8 21*0 196 828.2 260 0.290 0.237
11 157.0 129.7 27.3 731*.9 215 185 827.1 306 0.260 0.223
12 157.0 131-8 25.2 730.0 231 185 827.L 306 0.279 0.221*
13 156.9 127.2 29.7 811.6 218 180 826.6 335 0.261) 0.217
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coefficients as a function of temperature drop across the film (Figures 
6 to 9) , and (2) a plot of h/4> as a function of Reynolds number (Figures 
10 to 13). The heat transfer coefficients were measured, for benzene 
only, at two different pressure ranges in the jacket surrounding the 
primary condenser. One set of data were taken when pressure of 2 to 4 
inches of water was maintained in the jacket, and the other set was 
determined under a pressure of 1 to 4 inches Mercury. These determinations 
were carried out to investigate the effect of the vapor velocity on the 
film coefficient. The vapor velocities in the jacket and the auxiliary 
condenser varied between 0.45 to 0.64 ft/sec. and 2.5 to 6.5 ft/sec., 
respectively. The effects of these vapor velocities on the heat transfer 
coefficient for benzene are shown in Figures 6 and 10. It is noticeable 
on both diagrams that the data which were determined at a jacket pressure 
of less than four Inches of water all fall on a single straight line.
Those determined at a higher Jacket pressure fall above this line, their 
deviation depending upon the jacket pressure. Investigation on benzene 
showed that maintaining a pressure of 2 to 4 inches of water in the Jacket 
would be sufficient to keep the air and non-condensables out of the system 
by allowing a small quantity of vapor to enter the auxiliary condenser.
The coefficients for toluene and n-hexane were re-measured subsequent to 
the time when it was noticed that the condensing bar was covered with a 
thin layer of deposit and was tarnished. The unit was dismantled and 
the bar was taken out and polished. The coefficients measured after cleaning 
the bar were 5 to 10 per cent higher than previous measurements made for 
toluene and n-hexane.
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The reproducibility of the results was determined. Duplicate tests 
generally gave coefficients that differed by less than 2 to 3 per cent 
from the average of the two. The film coefficients of heat transfer for 
benzene also were determined by Todd (104) and Malone (59), Under the 
Bame operating conditions, the present results are about 40 per cent 
higher than those obtained by Malone. But they coincide exactly with 
those obtained by Todd (104) when the unit was first operated. The low 
coefficients obtained by Malone can be attributed to a progressive fouling 
of the surface over a long period, not removed by the in-place cleaning 
method he employed.
All of the heat transfer coefficients for benzene decrease with 
increase in temperature drop across the film, whereas for n-heptane, 
toluene, and n-hexane the decrease in heat transfer coefficient is up 
to a certain temperature drop only, after which coefficients rise with 
a further increase in temperature drop. The temperature difference where 
heat transfer coefficients start increasing is in the range of 25 to 
35°F., differing from one hydrocarbon to another. This point will be 
discussed in more detail in a later paragraph.
The slopes of the lines of film coefficient versus temperature drop 
were calculated for the pure hydrocarbons and are presented below for 
comparison with the theoretical slope of -0.25. Here it should be pointed 
out that Nusselt derivation assumes that the physical properties of the 
condensate are constant throughout the layer, whereas the presence of a 
temperature gradient means there is some variation In these properties, 
even though small in many cases.
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Pure Compound
Benzene
Slope
-0.30
Toluene -0.23
n-Heptane -0.35
n-Hexane 0.24
The deviation from theoretical value is attributed to the possible 
existence of turbulence in the film, the change in film temperature and 
the corresponding change in the physical property group used in Equation 8.
The theoretical coefficients for each hydrocarbon are calculated by 
Nusselt's equation for the observed condensation rate and film temperature. 
These coefficients are plotted for comparison with the experimental data. 
Generally, the experimental coefficients are 20 to 30 per cent higher 
than the theoretical values. Part of this difference could be explained 
by the presence of impurities in the hydrocarbons used. This effect will 
be more pronounced when considering the fact that the physical property 
data used in calculating the theoretical coefficients, which were taken 
from literature, are for pure compounds and do not represent the actual 
properties of the commercial-grade hydrocarbons used here.
Nusselt's theory is based upon the assumption of streamline flow 
of the condensate. However, turbulence will occur when the film 
thickness and velocity exceed critical values. The present work shows 
that the experimental heat transfer coefficients increase, in comparison 
with the corresponding theoretical values, as the rate of heat transfer 
increases. The presence of turbulent flow in the condensate at high 
rate of heat transfer would explain this qualitatively.
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McAdams (62) summarized the experimental data for film type condensation 
of steam and 18 organic vapors, outside single horizontal tubes. The 
data were compared with the values predicted with the theoretical Nusselt's 
equation for laminar flow of condensate, neglecting any effect of vapor 
velocity. The measured values of the heat transfer coefficient ran from 
36 per cent below to 70 per cent above those predicted from the same 
values of temperature drop across the film. The average of the ratio of 
measured to predicted coefficients was 1.23 for steam and 0.94 for the 
organic vapors. The ratios of the average of the experimental data to 
the predicted theoretical values for the present work and those published 
in literature are tabulated as follows:
Ratio of experimental to 
theoretical coefficients
Present Others
Investigation reported by 
Hydrocarbon _____________ McAdams
Benzene 1.18 0 . 8 - 1 . 2 2
Toluene 1.32 0.76- 1,04
n-Heptane 1.25
n-Hexane 1.28
The ratios reported from McAdams cover the data of various 
investigators and are for a wide range of condenser sizes and operating 
conditions.
The results for pure hydrocarbons are also plotted in terms of h/$ 
as a function of Reynolds number, 4r/p^, of the condensate. These are
shown on Figures 10 through 13 for the individual hydrocarbons and on
Figure 14 for all of the four hydrocarbons tested. Employing the least 
square method, the slope and the intercept of the experimental line were
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determined to be -0,463 and 3.6 as compared to the theoretical values of 
-1/3 and 1.51. The theoretical results based on the observed temperature 
drops across the film and condensate rates are also plotted for comparison. 
The accuracy of these results is the same as those of heat transfer 
coe ffi cient and temperature difference across the film. However, they 
show that the Reynolds number of the condensate never exceeded 600.
The accepted critical value of condensate Reynolds number is 4200; 
below that the condensate is supposedly in streamline flow. Therefore, 
the condensate with Reynolds number below 600 should be in streamline 
flow. This may be true in some instances, but it was not so in cases of 
n-heptane, toluene, and n-hexane: for these at a Reynolds number of about
300, the heat transfer coefficient became higher (contrary to the theory 
for streamline flow) as the Reynolds number increased. Figures 11, 12, 
and 13 show that the condensate followed the theory behavior only up to 
Reynolds number of about 300. This indicates that the accepted critical 
value of Reynolds number of 4200, is not an accurate criteria of the 
turbulence, and that the behavior indicates that turbulence starts at 
a much lower range of Reynolds number. These figures indicate that the 
condensate layer, on the outside of a horizontal tube, is essentially 
in viscous flow up to Reynolds number of about 300, but above 300 it 
breaks into turbulent flow. There have been no experimental data reported 
in the literature to show at what Reynolds number the turbulence starts 
when condensing pure vapors on the outside of a horizontal tube.
Carpenter and Colburn (17) made a study of the effect of vapor 
velocity on condensation inside long vertical tubes. Comparison of
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their results with those predicted by a modified equation developed by 
Nusselt, which includes the effect of vapor friction on the thickness of 
the viscous condensate layer, showed that their values of condensing 
film coefficient were higher than predictions, in some cases several-fold 
higher. In his modification, Nusselt assumed that the effect of vapor 
friction was limited to consideration of a condensate layer in viscous 
flow. The effect of vapor friction was believed to Increase the downward 
force on the film, and thus decrease the film thickness. Caprenter- 
Colburn hypothesis was that "in the presence of a high frictional force 
from the vapor on its outer surface, the condensate layer would become 
turbulent at a much lower value of Reynolds number than found when vapor 
friction was negligible”. Based upon their experimental data, it was 
concluded by the authors that when vapors condense in the presence of 
high vapor velocities, turbulence is induced in the condensate layer, 
thereby lowering the effective film thickness of the condensate layer.
It was also concluded that whereas in the absence of vapor velocity 
when the condensate layer is essentially in laminar flow up to a 
Reynolds number of about 2000, in the presence of high vapor velocity 
of about one to three hundred feet per second downward inside of a 
vertical condenser, the layers became turbulent at a Reynolds number of 
about 240.
Based upon the foregoing, it is reasonable to deduce that in the 
present study, too, a turbulence was present in the condensate layer, 
which resulted experimental coefficients to be 20 to 30 per cent higher 
than theoretical values, even though the maximum vapor velocity in the
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jacket was less than one foot per second. For calculating the vapor 
velocity, it was assumed that one-half of total vapor entering the 
primary condenser flowed through each section of the annulus between 
the jacket and the condensing bar.
The effect of non-linear temperature distribution and the cross-flow
within the film on condensing heat transfer coefficient as proposed by
Bromley (10) and Rohsenow (81) was studied for the four hydrocarbons.
Except for Test Numbers 5, 6, 19, and 20 for n-heptane, where the
magnitude of the liquid sub-cooling or more precisely the value of
C . £T/\ were 0.214, 0.209, 0.250, and 0.252, respectively, for all other 
Pi
tests it was less than 0.2. Accordingly, the latent heat of condensation 
was modified as proposed by Rohsenow, Equation 12, Chapter IX, and the 
modified latent heat term was used to correct the calculated theoretical 
heat transfer coefficients. These calculations are summarized in Table III- 
A through D. It will be noticed that the Rohsenow correction does not 
increase the condensing heat transfer coefficient significantly. The 
maximum Increase is 3.1 Btu/Hr.Ft.*F for Test No. 20 of n-heptane, which 
is .an increase of only 2.2 per cent. The Rohsenow correction factor was 
not determined for all of the tests made for the four hydrocarbons.
However, a sufficient number of tests were included to cover the maximum 
range of the liquid sub-cooling term, C ^ £T/\.
II - Binary Vapors
Experiments with the pure hydrocarbons indicated that maintaining 
a slight positive pressure (2 to 4 inches of water) in the jacket was 
sufficient to insure the absence of non-condensables in the vapor
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TABLE III
ROHSENOW'S (81) CORRECTION TO THE NUSSELT'S
EQUATION OF HEAT TRANSFER COEFFICIENT
FOR CONDENSING PURE VAPORS
x' - X + 3/8 (C AT)
A Benzene X ■ 169.34 Btu/Lb.
AT C
Pf
*
X h' m
hm
iE
~J2
Run °F. Btu
c at 
Pf Btu Btu
No. Lb."F. X Lb. Hr. Ft.2 °F .
2 36.8 0.4470 0.097 175.5 218.9 217 1.9
3 38.1 0.4465 0.100 175.7 216.0 214 2.0
5 41.0 0.4450 0.107 176.2 210.0 208 2.0
7 24.5 0.4507 0.065 173.5 237.4 236 1.4
9 20.7 0.4515 0.050 172.5 238.1 237 1.1
11 21.1 0.4515 0.056 172.9 244.3 243 1.3
13 27.0 0.4500 0.072 173.9 229.4 228 1.4
14 24.9 0.4507 0.066 173.5 233.4 232 1.4
15 28.1 0.4496 0.074 174.1 229.6 228 1.6
39 22.2 0.4517 0.059 173.1 242.3 241 1.3
40 22.6 0.4517 0.060 173.2 241.4 240 1.4
41 17.6 0.4530 0.047 172.3 254.0 253 1.0
42 17.1 0.4532 0.046 172.3 254.0 253 1.0
43 13.9 0.4542 0,037 171.7 264.9 264 0.9
44 13.1 0.4545 0.035 171.6 270.9 270 0.9
45 31.0 0.4490 0.082 174.5 220.7 219 1.7
46 30.6 0.4490 0.081 174.5 233.7 232 1.7
47 41.2 0.4458 0.108 176.2 211.0 209 2.0
46 45.0 0.4452 0.118 176.8 209.2 207 2.2
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TABLE III
ROHSENOW'S (81) CORRECTION TO THE NUSSELT'S
EQUATION OF HEAT TRANSFER COEFFICIENT
FOR CONDENSING PURE VAPORS
\ \ + 3/8 (C ^T)
Pf
B n -Heptane \ - 135 .99 Btu/Lb •
Run
No,
4T
QF.
S t
Btu CPf AT
1
\
Btu
h'
m
h
m
Btu
h' -h
m nt
Lb.°F. Lb. Hr. Ft.2 °F.
4 36.8 0.5940 0.160 144.2 160.3 158 2.3
5 49.8 0.5842 0.214 147.2 144.8 142 2.8
6 48.4 0.5890 0.209 146.6 144.6 142 2.6
7 40.4 0.5915 0.178 144.9 152.4 150 2.4
8 29.5 0.5975 0.129 142.6 171.0 169 2.0
9 23.3 0.6000 0.103 141.2 182.7 181 1.7
10 29.0 0.5980 0.127 142.5 177.0 175 2.0
11 30.0 0.5970 0.132 142.7 171.0 169 2.0
12 21.8 0.6010 0.096 140.9 186.6 185 1.6
13 22.1 0.6008 0.097 141.0 185.6 184 1.6
14 15,6 0.6037 0.069 139.5 204.3 203 1.3
15 15.5 0.6037 0.068 139.5 203.2 202 1.2
16 14.6 0.6042 0.065 139.3 205.2 204 1.2
17 39.1 0.5930 0.170 144.7 156.4 154 2.4
18 45.7 0.5900 0.198 146.1 150,7 148 2.7
19 58.0 0.5850 0.250 148.7 141,1 139 2.1
20 58.8 0.5825 0.252 148.8 141.1 138 3.1
21 13.7 0.6025 0.060 139.1 205.8 204 1.8
26 44.2 0.5905 0.191 145.8 152.6 150 2.6
27 42.8 0.5906 0.185 145.4 153.6 151 2.6
76
TABLE III
ROHSENOWS (81) CORRECTION TO THE NUSSELT'S
EQUATION OF HEAT TRANSFER COEFFICIENT
FOR CONDENSING PURE VAPORS
X - A + 3/8 (C _ AT) 
Pf
C Toluene (Second Series) k m 156.2 Btu/Lb.
AT cpf
k h m hm h ’ -h m m
Run Btu CPf AT B tu Btu
No. °F. Lb.*F. A Lb. Hr. Ft.2 •f .
1 14.7 0.4750 0.0446 158.8 255.0 254 1.0
2 16.3 0.4745 0.0495 159.1 247.1 246 1.1
3 16.8 0.4742 0.0512 159.2 246.2 245 1.2
4 20.3 0.4735 0.0615 159.8 234.3 233 1.3
5 24.3 0.4720 0.0732 160.5 223.5 222 1.5
6 29.9 0.4710 0.0900 161.5 213.8 212 1.8
7 33.5 0.4697 0.1005 162.1 208.9 207 1.9
8 32.8 0.4700 0.0985 162.0 208.9 207 1.9
9 37.4 0.4685 0.1120 162.8 190.9 189 1.9
10 39.2 0.4680 0.1172 163.1 186.0 184 2.0
11 41.3 0.4670 0.1232 165.4 182.0 180 2.0
12 44.8 0.4660 0.1335 164.0 175.1 173 2.1
13 48.4 0.4650 0.1440 164.6 169.2 167 2.2
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TABLE III
ROHSENOW'S (81) CORRECTION TO THE NUSSELT'S
EQUATION OF HEAT TRANSFER COEFFICIENT
FOR CONDENSING PURE VAPORS
A* - A + 3/8 (C f AT)
D n-Hexane \ * 143.96 Btu/Lb.
AT C
Pf
•
A h'
m
h
m
h ’ -h
m m
Run Btu
C AT 
Pf Btu Btu
No. •f . Lb.°F. A Lb. Hr. Ft.2 °F.
1st Series
11 33.2 0.5770 0.1330 151.4 182.4 180 2.2
12 37.8 0.5745 0.1530 152.4 170.4 168 2.4
14 42.0 0.5725 0.1670 153.0 161.4 159 2.4
2nd Series
1 3.0 0.5940 0.0124 144.6 298.3 298 0.3
3 6.5 0.5905 0.0267 145.4 254.6 254 0.6
6 12.7 0.5880 0.0518 146.8 220.0 219 1.0
8 16.1 0.5855 0.0655 147.5 208.3 207 1.3
10 20.2 0.5840 0.0818 148.4 197.5 196 1.5
11 27.3 0.5800 0.1100 149.9 186.9 185 1.9
12 25.2 0.5810 0.1017 149.5 186.7 185 1.7
13 29.7 0.5790 0.1195 150.4 182.0 180 2.0
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in the Jacket surrounding the condenser; by allowing a slight amount of 
vapor to flow to the auxiliary condenser. For binary vapors maintenance 
of this positive pressure caused the entering vapor temperature, when 
equilibrium was established, to be 0.3 to 2*F. above that of the dew 
point of the condensate at one atmosphere.
In condensing the binary vapors the experiments were carried out 
in such a manner as to have almost total condensation of vapor and a 
condensate of constant composition. Material balance data on the unit 
which are summarized in Table IV-A, B and C show that, except for a very 
few cases, composition of condensate from the primary condenser differed 
by less than one mole per cent from the composition of the vapor from 
the reboiler. Quite frequently, for better than 85 per cent of the tests 
made on all binary mixtures, the difference between the two composition 
was less than 0.5 mole per cent. The analyses of samples from the 
auxiliary condenser showed it to be consistently richer in the more 
volatile component than the condensate from the primary condenser obtained 
at the same time. The McCabe-Thlele step-by~step method was used to find 
the number of ideal plates between the compositions of the condensate from 
the primary condenser and the condensate from the auxiliary condenser.
It was found that equivalent to a fraction of a theoretical plate existed 
in the apparatus, for all of the tests performed. As it is pointed out 
in Appendix C, Section II-B, the Murphree plate efficiency equation may 
be used to express the degree of enrichment of the residual vapors. Dat-* 
in Table VII-A, B, and C show that the degree of enrichment of the residual 
vapor, or the approach of the residual vapor to equilibrium with the primary
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TABLE IV
COMPOSITION OP VAPOR TO TW PRIMARY CONDENSER 
A BENZENE -  a-HEPTANE STSTBi
Banian* In  
P rlaary 
Condanaata
Banaana In 
A u x ilia ry  
Condanaata
Condanaata 
Gaa. /  Min. W
Wi
R
Banaana In 
Vapor to
P rlaary 1 
Condamar t l
Hoi* t D tffarano* 
Bataaan Vapor to  
ind Condanaata froa  
1*  P rlaary Condon**r
rkX~
Nola t
*A
Wt. *  
\
Mol* %
h,
wt. t
TAa
Prlaary A u x ilia ry  
W 111
Wt. *
r A l
uoia i 
'A1
A 82.5 WCLE PER CENT BENZENE IN THE PRIMARY CONDENSATE
82.6 78.72 85.2 81.77 276.7 13.0 21.28 78.85 82.72 ♦0.12
82.6 78.72 85.2 81.77 388.9 12.9 30.22 78.82 62.69 ♦0.09
82.6 78.72 85.2 81.77 U9U.5 12.9 38.21 78.80 82.67 ♦0.07
82.lt 78.U9 85.1 81.89 6m . 8 lb . 3 UP.08 78.57 82.U7 ♦0,0?
82.U 78.U9 85.2 81.77 639.7 11.8 5U. 21 78.55 82. b6 ♦0.C6
82.5 78.60 85.3 81,89 762.5 11.0 69.32 78.65 82.5b ♦0.0b
82.5 78.60 au.a 81.30 3U3.5 13.2 26.02 78.70 82.59 ♦0.09
82.6 78.72 8b.8 81.30 I1U6.6 13.5 33.08 78.80 82.67 ♦0.07
82.lt 78.U9 au.e 81.30 5U6.0 13.5 UO.UU 78.56 82, U7 ♦0.0b
82.lt 78.U9 85.2 81.77 8b2.5 11.5 73.26 78.53 82. Lb ♦O.Ob
82.5 78.60 85.1 78.68 82.57 ♦O.C7
B 70,,2 MCLE PER CENT BENZENE IN THE PRIMARY CONDENSATE
70.0 6U.52 75.7 70.83 2U8.6 12.0 20.72 6U.81 70.26 ♦0.26
70.2 6U.7U 76.0 71.17 232.7 12.6 10.U7 65.C7 70.50 ♦0.30
69.9 6U.U7 76.0 71.17 30U.5 13.5 22.55 6b.75 70.21 *0.31
70.2 6U.7U 75.8 70.9b LU9.U lb .9 30.16 6b. 93 70.37 ♦0.17
70.2 6U.7U 76.2 71.39 Ultb.6 15.2 29.25 6b.95 70.39 ♦0.19
70.2 6U.7li 75.8 70.9b 576.8 15.3 37.70 6b. 90 70.35 ♦0.15
70.2 6U.7U 76.2 71.39 625.8 15.8 39.60 6U.90 70.35 ♦0.15
70.3 6U.85 76.b 71.61 615.6 16.0 30.U7 65.02 70.U6 ♦0.16
70.2 6U.7U 75.7 70.83 711.0 13.0 39.50 6b. 89 70. -»U ♦0.1b
70.3 6U.85 75.7 70.83 708.3 10.0 39.35 65.00 70. bb ♦0.1b
70.3 6U.35 75.6 70.72 U63.2 16.0 28.95 65.0b 70.b8 ♦0.18
70.1 6h,63 75.6 70.72 385.5 15.1 25.50 6U.86 70.31 ♦0.21
70.2 6U.72 75.9 71.05 6U.93 70.37 *0.17
c 5U.6 MOLE PER CENT BENZENE IN TW PRIMARY CONDENSATE
5lt.8 1,8.5 8 6b.0 58.08 2U5.0 10.0 13.61 U9.27 55.bb ♦0.6b
5lt.8 ue.se 6U.0 58.08 336.5 17.2 19.56 U9.CL 55.2b ♦O.ltb
5lt.5 1,8.26 63. b 57.U5 b i l l .3 18.0 2b.52 U8.6b 5b.85 *0.15
5lt.9 U6.69 6U.2 58.29 552.5 15.5 35.6b U8.95 55.15 ♦0.25
5L.6 U8.38 6b.0 58.08 578.3 15.5 37.31 be.62 5b.83 ♦0.23
5lt.lt U&.18 63.9 S7.98 637.0 17.0 37.U7 U6.U3 5U.65 ♦0.25
5U.U 1,6.18 63.7 57.77 718.5 20.0 35.92 UB.U3 5b.65 ♦0.25
5U.5 US. 28 6U.1 58.19 732.9 17.5 Ul.88 U8.51 5U.73 ♦0.23
5U.5 U8.28 63.8 57.87 330.2 18.1 18. 2b ue.78 5b.99 ♦0.L9
5U.6 U8.38 6b.0 58.08 580.2 16.0 36.26 UB.6U 5b.85 ♦0.25
5U.6 (16.36 63.9 57.99 U8.73 5b. 9b ♦0.3b
0 32.6 MOLE PER CENT BENZEW IN
1I"££1-
32.6 27. UO 18.5 32.80 257.S 20,2 12.75 27.80 33.06 ♦0.U6
32.3 27.12 38.3 32.60 379.2 18.1 20.95 27.36 32.56 ♦0.26
32.8 27.7U 39.8 3U.06 317.3 22.0 lii.U 2 28.10 33.19 ♦0.59
32.8 27 .71, U0.2 3U.37 583.0 20.2 28.86 27.92 33.20 ♦0.L0
32.8 27.7U UO.O 3b. 25 653.3 16.5 39.59 27.86 33.13 ♦0.33
32.6 27 .U3 U0.2 3b.37 753.0 21.7 3U.70 27.59 32.83 ♦0.2-3
32.3 27 . l i t UO.O 3U.25 52U.8 19.8 26.50 27.36 32.58 ♦0.26
32.5 27.28 39.8 3b. 06 UU9.U 20.0 22.U7 27.U9 32.72 +0.22
32.6 27.lt! 39.9 3U.17 U25.9 18.2 23.UO 27.67 32.92 ♦0.32
32.8 27.7b U0.2 3b .37 293.3 27.0 13.30 28.15 33.15 ♦0.65
32.6 27 .U7 39.7 33.93 27.73 32.98 ♦0.36
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TABLE IV 
ccmpnemos o f vapcr to  t «  primary co rooen i 
B n-HKPTANE -  TCLUEMS STS TIM
Run
No.
n-fMptana In 
Primary 
Condanaata
n-Haptana In 
A u x ilia ry  
Condanaata
Condanaata 
CMta. /  Win. W
W*
R
n-Haptana in  
Vapor to  
Prlaiary 
Condanaar
Nola 1 Dirfaranaa 
Batauon Vapor to  
and Condanaata from 
tha Prlaary Condanaar
Nola % 
\
w t. %
\
Hda %
* * .
Wt. 1 
*A,
Primary
w
A ux ilia ry
Wa
w t. % 
t a i
Nola % 
*A1
A 85.6 NCLE PER CENT n- WPTANE IN THE PR MART CONDENSATE
1 85.6 86.61 86.7 87.6b 317.2 36.0 8.81 86.70 85.70 *0.10
2 85.6 86.61 86.6 87 .S5 357.1 3li.O 10.50 86.69 85.70 ♦0.10
3 85.5 86.51 86.7 87 .6b liOfi.T 38.0 10.70 86.62 85.62 ♦0.12
b 85.b 86.10. 86.7 87.61 I1O3.O tiO.O 10.07 36.51) 85.53 ♦0.13
5 85.7 86.70 86.7 B7.6L 385.0 36.0 10.69 86.79 95.78 *0.08
6 85.6 86.61 86.7 87.61] I163.O 31*-o 11). 20 86.69 85.70 ♦0.10
7 85.6 86.61 86.7 87.6L 530.1 33.0 16.06 86.67 85.66 *0.06
a 85.6 86.61 86.7 87.6Ii 550.5 36.0 15.29 86.67 85.66 ♦0.06
9 85.6 86.61 86.6 87.55 59!i.O 31.1 19.10 86.65 85.61) ♦O.ol]
10 85.7 86.70 86.6 87.55 625.0 38.0 18.38 86.69 85.70 *0.10
u 85.7 86.70 86.6 67.55 622.5 37.0 16.82 86.71) 85.75 ♦0.05
12 85.7 86.70 86.6 87.55 759.3 38.0 20.93 86.73 85.72 ♦0.02
13 85.6 86.61 86.7 87.61] 733.li 1)3.0 17.06 86.67 85.66 *0.06
1L 85.6 86.61 86.7 87.61] 852.6 L5.0 18.95 86.66 85.66 *0.06
rarafu 85.6 86.61 86.7 87.60 86.68 85.68 ♦0.08
B 63.9 NCLE PER CENT n* WPTANE IN THE PR MART CONDENSATE
1 61i.1 66. ca 67.7 69.52 1)21.2 36.0 11.70 66.28 61] .1)0 ♦0.30
2 61i.l 66.01 67.8 69.61 523.0 32.0 16.31] 66.22 61.32 ‘ 0.22
3 6U.1 66.01 67.7 69.56 521.6 38.0 13.72 66.25 61). 31) ♦0.7b
b 63.9 65.82 67.8 69.61 651i.lt 38.1 17.18 66.CB 61).12 ♦0.22
5 63.9 65.82 67.7 69.52 727.5 38.2 19.0(i 66.00 61). 10 *0,20
6 63.9 65.87 67.7 69.55 727.5 38.0 19 .l!i 66.05 61,.13 ♦O.23
7 63.7 65.63 67.8 69.61 861.6 Id .2 20.91 65.81 63.99 *0.19
8 63.8 65.72 67.8 69.61 569. L 39.0 11).60 65.97 61j.06 ♦0.26
9 63.8 65.72 67.8 69.61 990.2 lil.O 21). 15 65.87 63.97 ♦0.17
10 63.8 65.72 67.8 69.61 1113.0 1)3.0 25.88 65.86 63.96 ♦0.16
■»araga 63.9 65.83 67.8 69.58 66.03 66.13 ♦0.23
C 50.1 NCLE PER CENT n-WPTANE IN THE PR MART CONDENSATE
1 50.li 52.50 53.2 55.29 328.1 37.6 8.72 52.73 50.63 *0.23
2 50.0 52.10 53.2 55.29 1)25.8 35.5 11.99 52.36 50.26 *0.26
3 SO.o 52.10 53.2 55.29 381.0 36.6 lO .ld 52.38 50.28 ♦0.28
b 50.L 52.50 53.1 55.19 518.0 38.2 13.56 52.68 50.58 *0.18
5 50.U 52.50 53.1 55.09 1)88.5 37.0 13.20 52.68 50.58 ♦0.18
6 50.0 52.10 52.8 5U.89 665.7 38.0 17.52 52.25 50.15 ♦0.15
7 SO.o 52.10 52.9 51i.99 598.8 38.0 15.76 52.27 50.17 *0.17
8 50.0 52.10 53.0 55.09 792.8 39.0 20.33 52.21* 50.11, ♦0.1b
9 50.3 52.1|0 53.1 55.19 800.0 lil.O 19.51 52.53 50.1,3 ♦0.13
10 b9.9 52.00 53.2 55.29 ioe it.0 1)3.0 25.21 52.12 50.02 ♦0.12
iTarapa 50.1 52.2b 53.0 55.16 52.1)7 50,32 ♦0.22
D 31.0 MCLE PER CENT ft* HEPTANE IN TW PR MART CONDENSATE
1 31.2 33.0b 35.9 37.86 b77.2 3b.0 lb .03 33.36 31.53 *0.33
2 31.2 33.0b 35.8 37.76 532.7 bO.5 13.15 33.37 31.52 ♦0.32
3 31.0 32.83 35.7 37.66 578.0 38. b 15.05 33.17 31.33 ♦0.33
I, 30.8 32.62 36.0 37.96 689.7 b0.2 17.15 32.91 31.06 ♦0*28
5 31.2 33.0b 35.8 37.76 689.7 38.0 18.15 33.28 31.b3 +0.23
6 31.3 33.1b 35.8 37.76 782.8 39.0 20,07 33.36 31.53 ♦0.23
7 30.0 31.80 35.8 37.76 856.0 bl.O 20.88 32 .07 30.26 +0.26
8 31*it 33.2b 35.8 37.76 1150.0 b3.0 26.7b 33.bO 31.55 ♦0.15
9 30.5 32.32 35.8 37.76 155l.b b6,0 33.72 32. b8 30.66 ♦0.16
10 30.9 32.72 35.8 37.76 lb50.0 39.0 37.18 32.85 31.02 ♦0.12
Aaaraga 31.0 32.78 35.8 37.78 33.02 31.19 ♦0.19
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TABLE IV
CCMPOSCTIOR or Tirat TO TUB P R O M T  COHENSER 
C > K U I  - TOLUENE 5T3TEM
Run
Bo.
In 
PrlHiT 
Condanaata
n-Hasan* in 
imUlUT 
Condanaata
Condanaata 
tea. / Min.
W»
n-Hamna la 
V^>or to 
PrlaaiT 
Condanaar
Mala % Dirfaranoa 
Bataaan Tap or to 
and Condanaata fron 
tha Prlaary Condanaar
Mala * Wt. * Mala * Wt. t
\  h  h a
Prlaary i w U U i r  
W Wi
wt. * Mala X 
TA1 yU y/Ll-H
A #0.0 MOLE PER CENT n-HKXANE IN THE PROMT CONDENSATE
1 79.9 78.83 86.6 85.81 BbB.9 b3<2 19.67 79.16 80.33 ♦0.33
2 60.14 79.33 86.0 85.18 865.0 39.3 23.06 79.58 80. 6b ♦0.3b
3 79.8 78.71 86.2 85.39 683.6 38.6 17.68 79.07 80.15 ♦0.35
b 79.7 78.60 85.7 8b.87 616.5 39.3 31.11 78.88 79.96 ♦0.26
5 80.3 79.33 85.3 Bb.3b 563.7 37.3 15.11 79.SL 80.61 ♦0.31
6 80.3 79.33 8b.9 81.03 531.1 33.0 16.59 79.51 80.56 ♦0.36
7 80.3 79.33 Bb.8 83.93 501.8 37.5 13.38 79.30 80.58 ♦0.38
S 79.9 78.83 86.2 85.39 3b0.0 35.6 8.58 793.0 80.37 ♦0.37
9 79.8 78.50 86.1 85.29 399.6 b l .5 7.32 79.33 SO.bO ♦0.80
10 80.1 79.03 86.0 85.18 388.5 36.6 10.61 79.55 80.63 *0.53
A ra ra t* 80.0 78.95 85.8 8b.9b 79.33 60. bO ♦O.bO
B 70. 2 MCEE PER CX NT n-HXAME IN
fi
1 70.3 68.80 78.3 77.15 80b.7 51.3 15.73 69.30 70.68 ♦o.be
3 70.2 68.80 78.6 77.U6 756.7 53.0 lb  .38 69.37 70.75 ♦0.55
3 70.1 68.69 78.0 76.8b 680.0 b6.0 lb.7B 69.30 70.58 *0.b8
it 69.9 68.1,9 79.3 78.19 612.8 59.1 10.37 69.3b 70.71 ♦o.a i
5 70.6 69.31 79.0 77.88 536.1 IA .0 U .b3 69.90 71.33 ♦0.63
6 70. It 69.00 78.7 77.57 b ? l. l 1)0.0 10.53 69.7b 71.07 *0.67
7 70.5 69.10 78.3 77.15 383. b b7.0 6.00 70.35 71.55 ♦I.C5
e 70.1 68.69 78.6 77.16 351.0 33.0 7.8b 69.68 71.0b *0.9b
9 70.3 68.80 79.5 78.bO b6b.9 31.0 15.00 6 9 .bO 70.77 ♦0.57
Ararat* 70.3 68.8b 78.7 77.57 69.57 70.9J ♦0.73
C $0.3 MOLE PER CEWT n-WXANE IN THE PROMT CONDENSATE
1 50.3 bs.sb 66.1 6b.60 812.0 bl.O 19.80 b9.31 50.97 ♦0.77
2 50.b be.7b 65.5 6b.00 735.9 b3.0 17.11 b9.5# 51.3b ♦0.8b
3 50.3 b8.5b 65.6 6b. 09 693.0 b8.0 lb.bl b9.55 51.33 ♦1.02
U 50.0 b8.3b 65.0 63.b8 6(1.8 b0.3 15.0b b9.38 50.9b *0.9b
5 50.2 l>8.5b 65.3 63.68 5b8.1 bb.O 12.b5 b9.30 50.96 ♦0.76
6 50.2 bB.Sb 66.3 6b.70 500.7 bl.O 12.31 b9.76 51>b3 •1.33
7 50.3 b8.5b 65.8 6b.29 b67.9 3b.l 13.73 b9.6l 51.27 ♦1.07
8 50.5 bB.Bb 66.9 65.b2 355.8 33.0 10.78 50.25 51.90 ♦l.bo
9 50.3 bB.Sb 66.3 6b.70 337.7 39.3 11.53 b9.83 5l.b9 ♦1.39
10 50.3 h#.5b 66.3 6b. 80 301.8 27.2 11.09 b9.88 51.55 ♦1.35
raraf* 50.2 bB.Sb 65.9 6b.38 Ii9.63 51.30 ♦1.10
D 21.1 MOLE PER CENT n-HEUNE IN T *  PR3MMX CONDENSATE
1 30.9 19.82 33.6 31.16 683.6 33.2 39.b6 30.19 21.38 ♦0.38
3 21.2 30. U 33.3 30.87 59b. 0 36.0 16.50 30.73 31.81 ♦0.61
3 21.3 30.31 31.b 30.00 530.8 33.0 16.08 30.78 31.87 ♦0.57
b 30.7 19.63 31.8 30.38 b92.5 3b.O lb.b# 30.32 21.bl ♦0.71
5 20.6 19.53 31.6 30.19 bl7.b 27.0 15 .b6 20.17 31.26 ♦0.66
6 20.9 19.83 32.0 30.58 3bb.9 tb-6 lb *02 30.53 21.62 *0.f2
7 21.b 30.31 32.2 30.77 198.3 27.5 7.21 21.58 22.73 ♦1.32
8 21.6 20.50 30.3 38.93 152.3 28.0 5 .bb 31.81 23.95 ♦1.35
9 a.b 20.31 30.2 28.83 26b.7 33.5 7.90 31.26 23.39 *0.99
•rag* 21.1 20.02 31.6 30.19 20.82 31.92 ♦0.81
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condensate varied between 30 to 80 per cent, depending on the binary 
system and the composition. The fact that the enrichment of residual 
vapors was less than that corresponding to equilibrium with the primary 
condensate indicated that a vapor-phase resistance to heat and mass 
transfer must be present, which is true, as it will be shown later in 
mass transfer section. Reviewing the data in Table VII-A, B, and C, it 
is noticed that the degree of enrichment, defined as Murphree plate 
efficiency, is much higher for middle range composition than when the 
mixture is predominantly concentrated in one of the components.
One may also postulate that the enrichment of the residual vapors 
occurred through evaporation of part of the condensate in the collecting 
trough under the condenser, with the result that some rectification 
took place and the slight difference between composition of the condensate 
and the original vapor was due to this rectification. However, no 
vaporization of the condensate was observed visually.
The interfacial vapor composition was calculated by the method 
proposed by Kent and pigford (discussed on pages 22 to 27), which assumes 
that interfacial resistance and llquld-phase resistance are absent. For 
this purpose Equation 49 in Chapter II was employed to calculate the 
interfacial vapor composition. Once the interfacial vapor composition 
was known, the interfacial temperature was read from the corresponding 
temperature-composition diagram for the appropriate binary system.
To solve Equation 49, it was required to know the height of a gas- 
phase transfer unit and consequently the gas-phase mass transfer 
coefficient. These were calculated according to the equations presented
83
in Chapter II and are summarized in Table V-A, B, and C for the three 
binary systems. The data in Table VI-A, B and C show that the magnitude 
of the term (V^/V2) ^ S l ^ tused in the denominator of Equation 49, was
-5
too small to be considered. Its maximum value was found to be 4.6 x 10 
for Test No, 8 of n-hexane-toluene system. Therefore; the denominator 
of the right side of Equation 49, was taken as unity. This simplified 
Equation 49 to Equation 52, which was solved for the interfacial vapor 
composition, y
AI
The calculated Interfacial composition, along with composition of 
the primary condensate and vapor in equilibrium with it, as well as the 
composition of vapor streams entering and leaving the primary condenser 
are tabulated In Table VII-A, B, and C. For convenience, the average 
composition of various vapor streams and their differences for the three 
binary systems, are summarized in Table VIII.
In the derivation of Equation 49 It was assumed that there was no
liquid-phase resistance to mass transfer. Had this assumption been
correct, the composition of condensate from the primary condenser
should have been the same as the interfacial liquid composition.
Comparison of y and y * in Table VIII show that, for the three binary 
AI A
systems, the two composition differ from each other and that the difference 
between the two become greater as the concentration of more volatile 
component in the primary condensate decreases. Therefore, contrary to 
the assumption made, liquid-phase resistance to mass transfer was present 
and apparently its magnitude is related to the composition of the 
condensate. This discussion is illustrated graphically in Figures 15,
16, and 17. If there were no l'iquld-phase resistance present, then x^
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1 317.* X a 353.1
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34S.T
M ia
u t x
554.*
5*5.5
703.T
* x a
•31.1
X i a
u r r a
oakft
oakto
oafcto
oakis
o a k ft
oaXk
oaw r
oasiv
oaaoo
64.13 n u
oak**
o a k ii
o a fis
oasi*
o asu
oasisoasx
o a*M
oasss
o a **3
Xa* msi
o a $u  
oak*7 
oaso* 
o a s x  
oa*b* 
o a s a  
o a in  
o a * is  
o a w *
0.0570
HS
0.7407
0 .X U  
iak io  
ta w *
1 .* m
0.6*70
lJnl*
1.5715
o .S ot*
o-*Xk»
0.57V*
0.741
0. 7*11
0.X77
0.875*
1 .U X  
1.15*5 
1.5V77
1**73
17a *
1V.T7
x . * vio. m 
*o ,*o
*1,00 IS.** 
*5. *5 
*6.75
1.5100
1.1930 
1 .4 *1  
j .  m i*.S*M
* a mt.TtU
tao*>
ijasi3.*2*0
1,110
1,570
1,400
1,770 
(,*00 
I ,  MO
t,570
1,750
2,7*0
3,3*0
oaisr
o a wo.oiu
0.0131
o .o u *
o a ix
0,0117
0.0137O.OUl
oaoM
0.7753
0.7753
0.7753
0.7753
0.7753
0.7753
0.7753
0.7753
0.7753
0.7753
tuh n  n , macm i *k*  to
7.7V 
ll. o *
u a v
Ik .X  
U .n
18.57 
1 6 .X  
*1.37
10.57 
*4 .X
oajo*
oasV3
oaiks
o a ix
oafcii
o a k u
oakSo
0.0355
oak*?
o.o5*»
l.**1 7 1,0(0 o a l7 6 0.74B7 o a c rt
l . f k l l 1,170 o a u * 0.74*7 0,0307
1.1751 M X 0.0145 0.7**7 o a * j*
a a lV *1.956* 1,5*0 o a a k f 0.7*07
1.755* 1,670 0.01S0 0.7*87 o .o ) a
t.3510 1,770 o a i i i 0.7*87 0.0310
*.1*75 1,790 0.0137 0.7X 7 o a X f
o.okJ7(.77*7 * .3 X o a u k 0.74*7
*.a07T (.340 0.0110 0.7X 7 o.ok*7
3.745* 3,140 0,010* 0.7*87 0.0515
7, IMtolM D,ai ■ M lTrtmfm X .  7 4 .*  M U *m w r
^O X h r***
1
X .  7 1 .1 ** m F M M TtMIM
*1 *1 **1 V i
n» car r x a  n 71, o n o t  IK S  TO N  1tn M ! ODUM
o a i i i 7.a* 1.14*1 1,090 0*0179 o,75(* o a xo k.n
0.512V a .  so 1.(471 1,160 0«0166 0.75*4 oat*o saa
0.5X 0 11,71 1.UV31 1,920 0.0196 0.75*4 o a t** s.vi
0.5717 u a * 1.V175 i* w 0x0157 0.75** oaaoo 5.37
0.54(3 u .71 1.366* 1,290 0,0160 0.75** oauo 5 .17
0.4705 1 5 .X 1.4777 1,930 OJS14T 0.75*4 0a x 5 5.77
0.75*1 17 a» l.* *7 3 1*670 oMfi 0.75*4 oasko 6a3
0*7813 U .31 1 .X 3 * I ,  TWO 0M3$ 0.751* o a x *
oaXV
6.11
o.S3k7 K .U *a«*5 1*190 0*01)$ 0,75*4 6 .X
0.1*0* 1 7 .X *.13*5 1*990 o*om 0 .7 5 ** oa375 6.37
0.4*07 17.13 l.lko* 1*940 0*0191 0.75*8 o a in 6 a v
la *k7 n a o *.5*73 2, >70 0*0129OjOlXk 0 .75** oaki7
6 .«
la iro U a * 1,5115 2*900 0.75*4 oakif 6.X
1.17*7 17.X 1.1177 2*660 0*0116 0.75*8 o.okV7 7.*7
rx  cmr m-ttnum n1 r t , h d o b  Tin* To tm F t w  00
5.53
5.77
0.01
6.43 
4.70 
6 .X
7 a t6.X
7.43 
* .*0
5 .0* 
5.60 
5 .X  
6.10 
5. *7 
6.75
*as
7.13
7 .X
a .u
s 31.17 M U i s  a n  t w i x  n
1 VTT.t 96*0 511.2 oakTJ
o a 54k
O .T lkk 15.10
1 5X .7 573.* 0.8010 U .K
J #7* a 4u a o a s x 0. 941V 14.10
V 487.7 t £ . l 7 *7 .7 o a 557 laaoo U .X
5 4* 7.7 x a 7*7.7 oa$*7 1.0170 17. t t
4
T
37a  
U a
4*1.*
a n a
o a 5k)
o a m
1.11*5
1.(535
*1.15
*1.75
i
*
U 9o*o
i S L w
k>a
u a
u * i a
u n a
o a r i*
oaXc
1. 4* 7*
t . * 3X
n . g
X .M
X 1M «0 i * a lk*7a oasw * a *07 X .M
*i# i t r x iw  T u m  to  i x  h ih it  <sa
1.7357
1.X4*
*.07*7
* a * n
t a in t
*.7703
m
5 a » 75aff7
1,1*0
1.550
1,470
1.770
1.770 1,110 
*.V*o
L x o
k,o*o
o a iA
oaus
oaUo
0.0131
0.0131
o a ia t
oauo
oaio*
o a o x
0.007*
o.aox
o.aox
o.xx
o.aox
o.aox
o.*»X
o .n x
!£8
o.aox
o a ix
• a w
0.034*
oakoi
oakoo
o.ckX
oakSi
oasfco
oa*fci
0.041*
5 M  
6 .X
aa*
4.X
6 .X  
r.a o
7 .X
a a o
7.X
86
TABLE V
saauxi or cauxjutbw nat m a rt wqpjwaimit to a B u m  m r  
C i  l i  w  • f e lM *  l y f
fe ta l
Ma m r kiuur
'1
fe. V *
r-
i k M u a
t
area
t *(*a w a 70*.f
> uia H a m a
( (U.5 17.1 6*5.7
5 5*1.7 na (■ua
* 5na »a 5*1.1
t 5*U* JTJ 517.1
« itoa &s m a* irra 1*1.110 * u H.( wsa
**
V I
►. n.'
«w (M.)0 .5 *
i •cb.7 51.1 *55.7
i 757.7 5ia *07.7
i (*oa u a THa
* (11.*
S i
*71.7
5 5Ha 571.1
* U U u a *(ia
7 m a *7a n*a• *Sia ua Mia
7 Uh.7 na *75.7
i to Jo m u  tb o n  i-bub ii n >  an u n  h m  to r a  i
o.o«* 
oa*7*
oSSR
oafc*6
oa5To 
0.05U  
oa** 
oasu
■ to.tj b u  n*
a.om
o a (o *oam
OJjHs0.o*H0,0710
oa***
oabi*
ci
1.1510 •0.57 1.17*5 1,6*0 oaut 0.7*)} oa*M 7.63
1.167* 11,77 3.1171 1,(70 0.0115 0.7*11 oahfo 7.(0
lam u.*o I.**]* 1,150 oaur 0,7*U *.«
0.7777 t7 at t.nu 1,7*0 oaui 0,7*11 oa*o5 (.57
0.7*01 16.05 1.1175 1,7*0 oaur 0,7*11 oan* 6.17
0.*5N 17.5* ia T *5 1,«*0 o.qilo 0.7*11 o.on* 6.17
oai*7 1*.» 1.771* 1,600
S2&
0.TU1 oan* *ar
0.5*** 10.51 1.3*71 1,110 0.7(11 oaur 5.H
0.51*7 (.10 1.1577 1,010 o a m 0.7*11 oat*5 *.7*0.6(31 11,37 1.5*77 1,170 oauo 0.7*11 oasn 5U6
IB CUT >•
i:S2
b u m  n
16.6*
n, 1B1IB TUB 1C TB 
3.1*5* 1.(70
nwiR on
0.0117
■HBB
0.76*1 oa*n 7JS
15.17 1.775* i,]5d oaui 0.76M oa**6 7.11
1.071* 11.71 ia**> 1,110 0.0U7 0.77*6 oa*K *.7*
iano U.X ijwt* 1,750 oaut
oai*>
0,77*6 oakis (.63
o.t*o* u.n 1.10M 1,6*0 0.7*** oai*o 6.1*
o a m ua* 1.67*6 1,1*0 oai55 0.7*U oain0.01*1 5.**OUTS* *.n 1.110* 7(0 oaut 0.77b* *ao
outs* (.(0 iauo (M oa»5 0.7*** oaut
oaiu
(.*7
0.7*** 15.71 1.H15 l.**0 oauo 0.77*6 5.U
n . io  ■ o n  i b  c u r  » w  n  n ,  n w  t u b  to  '
i
t
1
i
*
7
»10
(11.0
735.7 
««*aStt
500.7
£:!
177*7
m u
Si
S i
ut3
j*-*
u*a
151.1
(4.7
u a •53a
u a 777.7
**a 7b>a
toa **sa
**a 571.1
U a 5*1,7
A.1 5ua
Ua n*a
17.1 3*7a
17.1 lira
ua 706.11U
l i a
ua
n aU.6
HU
Ha
U .5
( n a
5*1.*
-•j
u o a
tH.t
SSS
o a m
o a *o t
oa*5r
o a * is
o a p i
o a b i*
o a *5 *
o ab o *
n.7* m u  i
l.MM
1U5C?laTTO
0.5ST7
tf
o .;
OJ 
0.
Oj
0.(775
o.«o*5
0 7*55
o j r r i
o ASo
oia*
10.(0 
17.7* 
15.H  
15.71
U .57
ll.*7
11.01
U .7T
1.10TC 
t.«T 7* l.(7*l 
1.7500 
1.1571 
ta io o  
1.1
1.1171
1.17*7
1,1(0
1,170
1,0(0
tE
*451,0*0
1,0(0
7*0
o a m
o a u t
o a u toam
oaut
oaua
0.0151
0.0171
0.0177
0.01(5
i cut k * u  a  n, iKuiM  »*iu to ib  :
0.7*71
0.7*71
o.7*n
0.7(71
0*1171
0.7*71
0.7*71
0.7*71
0.7*71
0.7*71
oakT*
o a t *
o a * u
oaut
oai*7
0.017*
7.0151
o a  107 
o .o x o  
o a **T
oaMo l a m 10.17 1.5170 1,660 oau5 0.77** oau*
oa5n 0,7175 17 JO 1.1*1* 1.6*0 oaiu O.T7H oan*S3 5 o.*uo0.7*67 16.7*U.17 laorr1.17** 1,(701.170 oaib*oaui o.tth0.T71* o a moan*
oan* 0.6*71 16.3* 1.5*15 1,170 oauc O.TTH 0.0317
oano 0.51(1 K.T5 MS 770 oauo O.TTH o a moabn 0.3M* *.U 600 oaur O.TTH o a m
oauo oa*H SS oauo h*o oaui o.tth oa*o*o.oHioa*n OMki ia*u 770 oaaoo O.TTH
7.11
(.0
(.7 7
(a*
(.15
5.*o
*•55.o(
(.ft
1.71
(.A 
(ai 
5.7* 
5.77 
5.15
!rJi
3.50
Run
N o.
I
2
3
1*
5
6
7
8
9
10
1
2
3
6
56
7
8
9
10
VI
12
1
2
3
6
s
6
7
8
9
10
1
2
3
U
s
6
7
8
9
10
87
TABLE VI
™ti
SUMMARY OP CALCULATIONS PON ( V j /  T j)  *  h  AM) T
A I
A B D iZK N I .  n -H IP T A X I STS TEN
T 1
HI1 V
* * 7 Pt. h
02.57 MOLE Pm CtKT BXZENE IN
22.16 6.78 7.35
30.38 5.62 P.61,
39.00 6.21 •>.55
62.86 6.73 10.35
56.76 6.90 10.76
70.13 7.67 11.69
26.90 5.25 8.07
31.90 5.97 9.10
1*1.23 6.10 9.93
73.70 7.71 11.86
70.37 IDLE Fm CENT BENZENE IN
21.63 6.65 6.86
19.16 6. .30 6.61
23.72 6.87 7.69
33.72 6.08 9.35
29.92 5.78 8.89
30.73 6.67 9.95
60,29 6.75 10.38
19.00 6.7(1 10.30
39.97 7.06 10.06
39.02 7.06 10.86
68.12 7.29 11.21
26.19 5.66 8.36
56.96 HOLE PER CENT BENZENE IN
16. H 6.19 6.66
20.17 6.97 7.66
25.00 5.60 8.61
35.05 6.10 9.38
37.67 6.32 9.72
37.63 6.56 10.09
36.13 6.92 10.66
61.90 6.90 10.73
10.02 6.92 7.56
36.10 6,32 9.72
<*1 / 7*)
"II
h
M o l* M r  C a n t 
Hmumw In Vapor
A l TA2 A I
1.29
7.11
3.31*
x 10“ 10 82.72 85.2 05.33
* 82.69 85.2 85.28
41 82.67 85.2 85.77
• 02.1.7 85.3 05.37
• 82.1*6 85.2 85.25
« 02.56 85.3 05.36
• 82.59 06.0 06.80
* 82.67 86.0 06.06
*  91 82.67 06.0 06.86x IO’ ” 82.66 85.2 05.26
*  - 70.26 75.7 75.96
x IO-9 70.50 76.0 76.30
• 70.21 76.0 76.26
a 70.37 75.0 75.96
a 70.39 76.2 76.60
a 70.35 75.0 75.95
a 70.35 76.2 76.35
a 70.66 76.6 76.55
a 70.36 75.7 75.06
*  -19 70.1*6 75.7 75.03x 10 70.68 75.6 75.70
a 70.31 75.6 75.01
x io -8 55.66 66.0 61,. 66
• 55.26 66.0 66.66
* 56.05 63.6 63.75
• 55.15 66.2 66.1*6
• 56.03 66.0 66.25
* 56.65 63.9 66.15
56.65 63.7 63.96
56.73 66.1 66.33
a 56.99 63.0 66.29
• 56.05 66.0 66.26
32.90 n i  psr cut m z m  n rv wcainio tapor to w* nmum commott
13.53 6.22 6.69
21.58 5.01 7.70
15.10 6.65 7.15
29.1*0 6.06 9.32
60.00 6.36 9.75
35.11 6.69 10.29
27.10 5.01 0.93
23.U 5.IP 8.30
26.00 5.30 8.15
16.11 6.50 6.92
H
f 1
Thu Tulua O < *63
I
T ~ l<
6.55 * io',-8
1.25 x 10•16
33.06
32.56
33.39
33.20
33.13
32.03
32.50
32.72
32.92
33.65
b a tm a n  th a  ta n  c a lo u la tu d  f l ( u r a * .
30.5
30.3
39.0 
60.2 
UO.O 
60.2 
lp.0
39.0 
39.9 
b0.2
30.93 
30.50 
Ip.25 
Uo.66
10.17
10.1*2
10.20
10.12
10.20
10.71
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TABLE VI
3 'iio tm  or calculations fo r  (v1 /  v2) “  h and jaj
B n-HEPTANE-TCLTBXE SYSTEM
Mola Far Cant
Run V, H_, H_  ^ h. ,  n-Hap U n a  la  Tapor
No ■ - -
h  F t .  ~  (V 1 /  f i>  " I* Ta  Jk i  J t t
A 85.56 MCLE PER CHUT n-HEPTANE I*  INCOMING TAPOR TO THE PRIMARY CONDOISER
1 9,82 U.82 7.1*1 1*.!*5 x 10*® 85.70 86.7 86.81
-> 11.50 5.08 7.81 85.70 86.6 86.68
11.71 5.U 8.32 85.62 86.7 86.79
I* 11.08 5.37 8.26 85.53 86.7 86.80
5 11.71 5.27 8.10 85.78 86.7 86.77
6 15.20 5.77 8.87 85.70 86.7 86.76
7 17.09 6.03 9.27 85.66 86.7 86.76
8 16.31 6.11 9.14) 85.66 86.7 86.76
9 20.11 6 .2S 9.61 85.66 86.6 86.6S
10 19.38 6.39 9.83 65.70 86.6 86.65
11 17.83 6. a 9.90 85.75 86.6 86.65
12 21.00 6.92 10.61* 85.72 86.6 86.61*
13 18.06 6.80 10.1*6 : i o - v5 
TAPOR TO
85.66 86.7 36.76
11* 19.98 7.27 11.18 
B 61*.1 3 HOLE PER CENT n-HEPTANE IN 3^ ,
2.88
INCOMING
85.66 86.7 
THE PRIMARY CONPUISER
86.75
1 12.73 5.53 8.50 1*.06
0H1cHM 61*. 14) 67.7 67,98
2 12.it2 5.99 9.21 * 61*. 32 67.8 68.01
3 1U.77 6.03 9.27 • 61*. 31* 67.7 67.91*
li 18.21* 6.61 1 0 . 3 0 « 61*. 12 67.8 68.01
5 20.10 6.90 10.61 • 61*.10 67.7 67.89
6 20.20 6.90 10.61 • 61*.13 67.7 67.88
7 22.00 7.1*2 11.1*1 « 63.89 67.8 67.98
8 15.66 6.38 9.75 • 61* .06 67.8 68.05
9 25.25 7.83 12.01*
*. i o - w
63.97 67,8 67.96
10 26.95 8.20 12.61 9.13 63.96 67.8 67.95
C 50.32 MXK PER CART n-KEPTAHE IN y j .  INCOMING VAPOR TO THE PRIMARY CONWItSER
1 9.71* 5.02 7.72 2.33 x 10'® 50.63 53.2 53.1*9
2 13.02 5.60 S.61 » 50.26 53.2 53.1*1*
3 11.1*1* 5.36 3.21* * 50.28 53.2 53.1*8
1* 11*.60 6.10 9.38 * 50.58 53.1 53.28
5 11*. 22 5.89 9.06 * 50.58 53.1 53.29
6 18.57 6.75 10.38 • 50.15 52.8 52.95
7 16.80 6.1*5 9.92 • 50.17 52.9 53.07
8 21.37 7.13 10.97 * So.ll* 53.0 53.11*
9 20.57 7.37 11.33
1.39 x IO -1 0  
INCOMING TAPOR TO
50.1*3 53.1 53.23
10 26.26 
D 31.19 HOLE
8.18 12.58 
PER CENT n-HEPTANE IN T\.
50.02 53.2 
THE PRIMARY CONDPNSER
53.32
1 15.10 5.89 9.06 2.08 x 10T11 31.53 35.9 36.21
2 111. 20 6.26 9.63 • 31.52 35.8 36.12
3 16.10 6.1*8 9.97 • 31.33 35.7 35.99
I* 18.21* 6.92 10,61* * 31.08 36.0 36.28
5 19.22 6.92 10.61* • 31.1*3 35.8 36,03
6 21.15 7.20 11.07 • 31.53 35.8 36.01
7 21.95 7.56 11.63 * 30.26 35.8 36.06
8 27.87 8.1*0 12.92 « 31.55 35.8 35.96
9 31*. 88 9.1*5 16.53
2.83 x IO’ 23
30.26 35.8 35.95
10 38.32 9.26 16.21* 31.02 35.8 35.93
*  TTia va lua o f  (V^ /  V j)  ” h b* t* »an Oi« too c a lc u la te d  f ig u ra a .
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TABLE VI
SUMMARY OF CALCULATIONS FOR (V /  V 1
1 2
C n -HEX ANE -  T0L"EWE SVSTEM
h
Run
>'o, v i
H
* 1
H
?1
M o l*  1> r  C en t 
n -M «ca r«  In  V apor
V
2 F t .
--------  I V /  V )
h 1 2 h TA1 y A2 TA1
A POJ.O M o if PER CENT n-HEX ANE IN  V j , INC0H1N’ VAO0 R T ’ th e PRTHA.7-- r->«irrm -FR
1 7 0 .C|3 7 .6 1 11,71. 1 .7 ft x  1 0 " ^ 80.11 ft f t .6 ftfr.o o
7 ->?.r 7 7 .6 0 1 1 .7 0 * ftn .ftL 8 6 .0 f t f t . ’ l.
2 1 f t .60 ft . f l f t 10.CR * f t n . l f t 8 6 .2 R ft.ftli
b >7.0? 6 .ft7 1 0 .1 0 # 7 a .o ft RC.7 ft f t .°7
5 1 6 .0 ft 6 .1 9 9 .8 1 * f to . f t l ft e ■> f tc .f to
6 1 7 .0 , ft.?<5 0 .6 7 * f t n . l f t ftl. '.o ft ft.1 6
7 111.17 6 .0 7 0 .1 1 • fto .E ft ft) .f t f t c . l l
ft 1 0 , Cl o . ’ O ft. no *  7 8 0 .1 7 8 6 . 8?9 ft . ’ O l . v l 7 .6 0 1 .11 X i o f t r . I .o 16.1 Pft.ftR
1 0 1 1 .1 7 ft.1,6 P .l.o * f t p .6 - ftft.O f t f t . c i
P 7 0 .0 1  MOLE PER CENT r-'fFXANE IN v INPTRINn VAIOS f ’ THE FRTMAHY r  'NIFNSER
1 16.61, 7 ,1C 11 .1 0
- l l .
1 .  X 10 7 0 .6 ft 7 f t . 1 7 P .7 0
2 1C. 10 7 . U 10.<31, « 7o.7C 7 ft .6 ?■=. 19
1 1 1 .7? ft.7 ft 10.1,1 * 70 .Cft 7« .0 7ft,CR
I, 1 1 ,1 0 f t . 61 1 0 . ?0 « ■HO. 71 7 ’>.1 S o . 11
ft I ’ . lB 6 .  16 o .l,7 * ■i] IX 7 0 .0 7 6 ,6 ft
6 11.1.6 C .61. P . 67 *  -7 7 1 .0 7 7 7 0 .M
7 6 .9 ft l . . f to 7 .1 ft C .O ’ X 1 " ’ 1 .55 7 f t , 1 70.1:1
ft ft .fto I..1.R f t .  HO # 71 .<4 7 ft ,6 ? °.C 7
9 1C.61 r . f l i ft .77 « 7 0 ,7 7 7 9 .5 8 8 .08
C C l,10 MnLK TV.R CENT n-HEXANE TN V , I  NCciiflNn VAH'R T-' THE Fill MARY OntlDFI!SER
1 20.60 7.72 11 .10 2,60 x 10 -15 50.97 66,1 66.8?
2 17.96 6.91 10.66 * 51.2b 65 .5 66.3b
1 1C.26 6 .77 lO .b l • 51.72 65 .6 66 .60
1. lC .c i 6.18 9 .« 1 # 50.9b 6 5 .0 65.9b
6 1 1 . IE 6.18 9.L6 * CO. 96 65 .2 66 .35
6 1 1 .oa c . f lo ■ft. 92 # 51.1,2 66 .2 67,12
7 lb . 59 c.75 ft.ftb * 51.27 65 .8 66.87
8 11.69 c .n f l 7.81 * C l .90 66 .9 68 .30
9 11.01 li.93 7 .58 * 5 1 .b9 66 .2 67.66
10 11.97 li.72 7 .2 6 1.1*9 x 10 51.55 66 ,3 67.6b
D 21.92 HOLE PER CENT n-HEXANE IN y1 ( INCOMING VAPOR TO THE PRIMARY CONDENSER
1 10.27 6.5b 10 .06 1 .22  x IO ’ 1? 21,28 32.6 32.9B
2 17 . LO 6.31 9 ,7 0 21.81 32.3 32.9b
<3 16.96 5.96 9.17 • 21.87 31 .L 32.00
u 19 .39 5.77 8.87 • 21 .b l 31.6 32.52
5 1 6 .1L 5.15 8 .2 3 • 21.26 31.6 32.27
6 l l i  .95 b .91 7 .5 5 * 21.62 32 .0 32.7b
7 8 .1 6 3.89 5 .98 • c 22.72 32.2 13.52
B 6 . I1O 1.50 5 .38 I1.60 X 10 5 22.95 30,3 31.66
9 8.81 b .b l 6 ,78 * 22.39 30.2 31.20
H II
*  Th« v * lu »  o f  (V^ /  V?) '  ~  i«  b « t*» *n  tha two c a lc u la te d  f lfru ra a .
MO
LE
 
PE
R 
CE
NT
 
MO
RE
 
VO
LA
TI
LE
 
CO
MP
ON
EN
T 
TE
M
P
E
R
A
TU
R
E
,°
F
90
192
fee
ie4
leo
FIGURE 15. TEMPERATURE AND COMPOSITION DROP 
THROUGH THE FILM S
DATA FOR TEST NO. I ,  MIXTURE C, OF BENZENE -  
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FIGURE 16, TEMPERATURE AND COMPOSITION DROP 
THROUGH THE FILM S
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should have coincided with x* and y should have been the same as y .
AI A* AI
The fact that these points differ from each other indicate the existence 
of llquld-phase resistance. Also if there were no gas-phase resistance 
present, then y should have been the same as Again the difference
between the two is indication of presence of gas-phase resistance.
The interfacial temperature, vapor temperatue, dew point and bubble 
point temperatures of the condensate for mixtures of the three binary 
systems are tabulated in Table VII-A, B and C. The average temperatures 
for each mixture are summarized in Table IX. It is noticed from the 
latter table that for all cases, except one, the interface temperature 
is closer to the boiling point of the condensate than to either the dew 
point of the condensate or the vapor temperature. The temperature 
difference between the vapor and the interfacial tempera ture agairi 
indicates the existence of the gas-phase resistance. Otherwise the 
interfacial temperature would have been the same as the vapor temperature. 
The one exception indicated above, in which the interfacial temperature 
is closer to the dew point of the mixture than to its boiling point, is 
the n-hexane-toluene mixture with a condensate composition of 21.1 mole 
per cent n-hexane. The mass transfer calculation for this particular 
mixture, which will be discussed in a later paragraph, indicates that 
its gas-phase resistance is much lowre than those for the other mixtures 
of n-hexane-toluene system. This factor explains why the interfacial 
temperature is closer to the dew point than to the bubble point of the 
condensate.
It is also noticed from Table IX that the difference between the
TABLE VII
rut^ mTvm 2t UAT flUUOVB J U tfflC g l B  H 8 D  31 Z C T A C U L  T O T H W*nt bhb jb ri/ctf aw kxm( **s kmm bobi n n u n i
i  M B  -  (HOTTAJ* J757W
7« 74J i»  ,a:
— — — — ■ ------ ■ ■—
1 *?.* %.«• •? ’ ?
I
Bc .11
2 9?> *2 * *c ? •5.3* 61-?
) 82.6 56-6 62.87 85.2 95. ?> 91.3
b 82A 66.1 0?A? 85.? 85.37 9..3
5 674 « A 62.66 95-3 85.25 51.3
6 82.5 U X 82.56 95-’ 85.4 • 1-;
T 82.5 *6A 92.57 81.M 91."
6 82.6 66.6 82.6? % .* 4 .96 9;."
9 82,1) 86.L «?.b’ 91.8 4 .86 91.:
10 8? A *6 A 52 Ab 88.? 88.21 81.3
87,5 86.5 92.5? 65.1 85.17 91.2
1 70.0 77.6 70,26 ?5.7
&
75.96
X .
67.5
t 70.2 77.7 70.SC 76.C 76.X « .?
i 70.0 77,6 70.21 76.2 76,26 48.C-
i 70.2 77.7 70.37 75.8 75.96 67-5
5 70.2 77.7 70.39 76.2 76 .kO « .1
6 70.2 77.7 70.35 75,8 75.95 6t .5
T 90,2 77.7 70.35 H .t 76,35 68.C
1 70.3 77.* 70.66 76A 76,55 68 A
9 70.2 77.7 70 .4 75.7 75*4 67.4
10 70-3 77.8 TO .kit 75.7 75.9) 67.6
u 70,) TT-8 70.69 >5.6 75.X 4?.2
12 70.1 77,7 TO.J1 75.6 75.8C 67.2
8 -m » 70,2 77.7 70. )7 75,9 76.06 67.7
ffcrpWM
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P*r Cmtt
K'J K3 '?>'
.«
%.i4A?;.(
69.«
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166 .1 I ’ V.S 179. f 179.2 178.1 U.T IC.9 1C.1 1C.) X T )J1 359 4 7
16}.2 179.9 179.2 178J, 16.7 15.8 15-r 15.2 2?3 7*9 X»5 too
15?.l 1?S.9 i?».: P9.2 17*.] 23.5 21.9 a .  1 21.2 2b9 24 ?6) 24
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XT’" I ’ ? .9 179.? l?9-2 1TSJ. 9.1 8.? ?.k 7,6 JU * 7 k2* k l)
165.6 1 ?9.7 179.1 1T8.? lT8,i ik . ; D.fc 12.6 12.* 790 J06 jo t y n
15%-% 179.9 179.5 17fl.? :?*a. x .c 19.C 18. J L*.5 253 265 m Z77
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T9.5 165.C 14.1 I ?J.7 190.) 1*0,8 19.1 16.0
?).9 157,6 14,5 LB? .9 150 J. 1*0.9 27.2 25.)
79.A 14-? 14 .? 1*3,9 16C.) 1*0.8 29.9 28.6
SC.9 14.? 182.3 1*0.5 1*0.) lSC.T x .o 28.6
73.6 Ik?.) 14.1 1*2,9 1*0.) 1*0.9 4 .8 ) ) . *
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69.9 14.1 14.1 162.9 IBC.) if l.O 20.0 18.6
71.6 169.3 14.? m .o 1*0,3 131.0 15.5 13.S
lAL.lt 14  Jt 1*2.9 1*0.3 180.9
b.5 5.0 « ]  BT « 0  U *
b.S 5,0 262 2*7 kM b4
t.6 *.x  & d m  jD  a :
15.2 15.7 210 230 H» I5T
ISA 15.6 ; u  ? 4  M  4
27.1 2}.3 137 » 6  2)0 m
2«.0 26.5 190 198 M I BJ
76.1 26.5 1M lf5  06  OT
)1.0 31.6 185 197 M l 888
JD.t 31.6 182 197 M l M )
16.; 16.9 2X0 I t )  1 9  AT
U . l  11.8 725 IS) J12 *95
c 59.4 m s  k b  c m  m i  n  n .  bcuh im  ta k *  tc  t s  m w b t  n r a i m
1 S M  67.0 55A I 66,0 6b.& 51.8 76.7 179.8 190.) 188.7 186.0 186.8 10.5 6.9 6.2 5.0 206 &6 5L6 U p
I  4 .8  67.0 55 .4  4 .0  4 -66  51.5 76.5 175.5 190J. iM . t  186.0 186.9 16.9 13*2 8.5 * A  MO 7*6 J »  f ik
1 4 .5  66.8 56.85 6 )A  63.75 SC.7 71.5 169.5 190.6 1» .6  14 .1  185.1 U . l  19.3 16.6 15.6 185 I B  M  M l
(  56.9 67.0 55.15 66.7 4 -66  51.5 76.) 142.6 191.2 1*8,7 194.0 186.9 28.6 26.0 21.3 » J  171 1M tM  W
$ 56.6 66.8 S6.8J 4 .0  4 .25  51.) 76.6 162.0 190.6 lM .8  14.1 14.9  *8.* 26.8 2?.l » - *  179 i n  15* JO
4 A A  64.6 ft.6 5  6).9 4 .1 5  51.2 TTA 158.7 191.C 188.8 14,1  1*5.0 » .8  )0.6 2S.9 24.6 171 1 4  M * M l
T A A  66.6 4 .4 5  6J.7 63.94 B .o  75.7 15)A 190.7 1«.8 14*1 iK .O  JT.3 )SA J0.T H A  171 1*0 W7 1M
I  4 .5  66.7 5k.T) 4 .1  4 .3 )  51.2 78.3 lSk-2 1*2.1 M *.*  14 .1  185.C J7.9 4 .6  29.9 30.6 1TI 107 tt© M l
|  56.5 66.7 4.99 6).4 4 .3 0  51.2 7*.? ITS.) 190.) 188.8 186,1 185.0 15.1 1),5 6.6 9,7 1 4  216 MJ J *
10 4 .6  66.8 4 .65  4 .0  4 .2 5  ft.7  76,5 161,6 190.7 188.6 14.1  185.C 29.1 27,2 22.5 ? )A  176 119 IM  l »
4 .4  66.6 4 .9 k  63.9 4 .2 5  51.2 75.6 190.8 19C.B 188.8 14.1  185.0
c 32.98 M S n a  c m  wmEBB I I n ,  DKOOM 91KB TC I B PU4RT 1
J2.6 b*,6 ) ) . « J6.S 38.9) 2b.C J5.C 116.7 198.8 198.0 191-1 195.J 12-1 11.3 bA 8.4 180 14 m 4 7
MO b*,3 32*5* 3*.) 38-56 23-7 36-7 I6C.7 198.9 198.1 191.2 ITS A 18.2 17 A 10.5 U.T 1H 1 4 J 4 t l j
M.8 k».6 31.X J9.B bO.25 25 »c b l,4 18). 2 198.5 197.8 191.0 14.8 15.3 4 . ' T.fl k l.6 175 1*3 4 3 294
32-1 b*.» 33.2c W0.3 bO 4b 25.2 U .9 1TC.) 191.6 197,8 191.2 1 4 .6 18.3 27.S 10*9 4 . ) 1 4 IT* 23* 19*
)2*1 b*.8 33 ^ ) W-C bC.17 25X U3.0 166.) 198,5 197,8 191.0 1 4 . T 32.2 31.5 4 .7 M A 171 ITS M3 190
M .6 bi.T 32.1) M .7 W A  * 25,3 i / A 16C.? 158.5 1*7.9 191.1 14 .6 38.) 3T.7 30.9 4 A 1*4 148 M6 I d
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32.5 k l.S 32.71 39.1 16.13 25.0 bb.e 1*7.2 198.4 198.0 191.2 14.7 71A >0.1 U.O 17.5 177 1 4 V9» t u
32.* M .6 37*93 39.9 bo.to 25.2 bk.$ 1T9 *1 198.7 197.9 191.1 14.7 19.6 11.1 12.0 15.4 U ) 190 M l m
323 k l . l 37 A5 kO.2 bO.Tl 25.5 b7A 185A 198.9 I fT . f 191.0 14 .5 11.5 12.5 5.4 9.1 I f ) 19# kk l 944
32,6 k*.6 32.11 39.7 bo.oo 2b.9 b ).) 191.7 191.0 191.2 14.8
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3 •5*5 0.1 • 5 .0 n*T •4.79 •3*6
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5 •5*9 ■ . ) BS.rt 14,7 •4.77 •3.B
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Mole P * r  C ent Pen ie^e tfn le  P er Cierrt 'i-H e rta n e M o l* Per Cent n-Hexane
In P r l " » i*;'h Condensate n Dr in . i r y  Condensate in  P rim a ry  Condensate
r ? .7 70.? 5J..6 32 .6 0 0 .4 6 7 .9 50.1 31.0 80.0 70.2 50.2 21.1
Mnl „  P . f  ' ' * ' . t  r‘a '17' 'I* Mnle Per Cent n-D*>rtene Mole Per Cent n-Hexana
Aver^r*? y 74.70 4 3 , n r 15.77 o t.- .p 47.90 01.00 10. ’ O 00.*O 7 ° .7 0 44.90 31.60
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lnterfaclal temperature and bubble point of condensate is smaller than 
difference between the dew point and boiling point of the condensate.
At concentrations greater than 50 mole per cent of the more volatile 
component, for both benzene-n-heptane and n-heptane-toluene systems, 
the difference between the interface and the bubble point temperature 
is 1°F. or less, whereas for n-hexane-toluene system the minimum difference 
in the two temperatures is 6°F at 80 mole per cent n-hexane in the 
condensate. Referring to Table VIII, one notices that at concentrations 
greater than 50 mole per cent of the more volatile components, for both 
benzene-n-heptane and n-heptane-toluene systems the difference in 
composition of the condensate from vapor-liquid interface to the condenser 
surface is less than 5 mole per cent, compared to 15 mole per cent 
difference for n-hexane-toluene system. This large change in composition 
across the liquid-film for n-hexane-toluene system corresponds to the 
wide difference which exists between the lnterfaclal temperature and 
the boiling point of the condensate for this system. Therefore, where 
there is negligible or small composition change across the liquid-film, 
the boiling point of the condensate may be taken as the interfacial 
temperature. However, where there is significant change in composition 
across the liquid-film, the boiling point at the vapor-liquid interface 
could be significantly different from that based on the average condensate 
composition; that is, the boiling point of condensate will not be the same 
as the lnterfaclal temperature.
The calculated film coefficient of heat transfer are tabulated in 
Table VII-A, B, and C and are presented graphically as a function of
TABLE IX
Arerage Ty 
Average T j 
Dlfferenoe
Avenge Ipp 
iTeng* Tj
Difference
Average T j 
Arerage
Difference
COMPARISON or INTERFACIAL TEMPERATURE WITH VAPOR TEMPERATURE, 
DEW POINT, AND BUBBLE POUT OF PRDURT CONDENSATE
A BENZINE -  n-HEPIANE SISTDf
Mole Par Cent Bensene 
in  Prlaery Coodanaate
82.5 70.2 51i.6 32.6
TEMPERATURE, •F .
179.8 184.4 190.6 198.7
178.4 180.9 385.0 19U.8
1*4 3.5  5.8 3.9
179.0 182.9 188.8 198.0
178 Jt 180.9 185.0 194.8
0.6 2.0 3.8 3.2
178.4 180.9 185.0 194.8
178.2 180.3 184.1 191.2
0.2 0.6 0.9 3.6
B n-HEPTANE -  TOLUENE STSTS1
Mole Per Cent n-Heptane 
in  Prinary Condensate
85.6 63.9 50.1 31.0
TEMPERATURE, * F.
210.9 213.8 216,9 222.5
230.3 212.8 215.9 220.3
0,6 1.0 1.0 2.2
210.4 213.6 216.6 221.6
210.3 212.8 215.9 220.3
0.1 0.8 0.7 1.3
210.3 212.8 215.9 220.3
210.3 212.5 2UI.9 218.9
0.0 0.3 1.0 1.4
C n-HEXANE -  TOLUENE SISTEM
Mole Per Cent n-Bexane 
In  Prinaty Condeneate
80.0 70.2 50.2 21.1
TEMPERATURE , *F.
175.9 185.1 201.2 221.2
166.6 175.1 186.5 212.7
7.3 10.0 liu 7 8.5
174.8 183.5 200.0 219.5
168.6 175.1 186.5 212.7
6.2 8.4 13.5 6.8
168.6 175.1 186.5 212.7
162.9 167.4 177.3 199.6
5.7 7.7 9.2 13.1
vO
v£>
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temperature drop across the film In Figure 18 through 29.
At high concentration of benzene in n-heptane, where vapor temperature, 
dew point and bubble point of condensate, and the Interfacial temperature 
are very close together, the heat transfer coefficients based on these 
temperatures are almost identical and all fall between the coefficients 
for pure benzene and pure n-heptane. However, as the concentration of 
the more volatile components, benzene, is reduced the heat transfer data 
based on vapor temperature, dew point of the condensate and the lnterfaclal 
temperature become smaller than those based on bubble point temperature 
and gradually fall below those of n-heptane. It Is also noticeable from 
Figures 18 through 21 that as the concentration of benzene in mixtures 
is reduced the curves move away from the curve for pure benzene and 
gradually get closer to that of pure n-heptane. This is consistent with 
the assumption that heat transfer coefficient, like any other property 
of ideal mixtures, is a weighted average of those for the pure materials.
At high concentration of benzene the lnterfaclal heat transfer 
coefficient is very close to that based on the bubble point of condensate 
but, as the benzene concentration is reduced the interfacial heat transfer 
coefficient moves toward the heat transfer data based on the dew point 
of the condensate. Again this is consistent with the observation that 
as concentration of n-heptane, the lass volatile component, in mixture 
is increased, the lnterfaclal temperature gradually becomes closer to the 
dew point of the condensate than to its boiling point, (See Table IX). 
Furthermore, mass transfer data show that the gas-film resistance 
constitutes a much smaller percentage of the total resistance at high
101
concentration of n-heptane than at low concentration. This seems to 
indicate that at low concentration of the more volatile component, the 
dew point could determine the temperature driving force across the 
condensate film.
At high concentration of n-heptane in toluene, the curves of film 
coefficients calculated with the four temperature differences fall 
below those of pure components. As the concentration of n-heptane in 
the mixture is reduced, the curves move upward and finally at 31 mole 
per cent n-heptane the curves fall above that of pure toluene. Referring 
to Table IX, it is noticed that for each mixture of n-heptane-toluene 
system, the interfacial temperature, vapor temperature, dew point and 
the boiling temperatues are very close to each other, which explains why 
the film coefficient curves are so close together. Figures 22 through 
25 show that for all concentrations of n-heptane, the coefficient 
decrease with increasing temperature drop across the film up to a certain 
degree, Just as did the pure components comprising the mixture. Then, 
with further increase in temperature drop, the coefficients again rise. 
This effect is already explained, for pure components, as being the 
transition point where the flow of the condensate changes from streamline 
flow to turbulent.
In all concentrations of n-hexane in toluene the heat transfer data 
based on vapor temperature and the dew point of condensate are very close 
together and all fall below those for both of the pure components. This 
is expected, because for all systems the vapor and the dew point 
temperatures are very close together. The heat transfer data based on
102
Interfacial temperature fall between those based on the dew point and the 
boiling point of condensate. Only at high concentration of one of the 
components in the mixture, the heat transfer data based on boiling point 
of the condensate fall between those of the pure components. In 
intermediate concentrations the data fell above those of the pure components.
One may expect that the heat transfer data for n-hexane*toluene 
system would follow the same pattern as the data for n-heptane-toluene 
system. However, the plotted data in Figures 26 through 29 show otherwise.
A possible reason for this deviation may be offered here.
At high concentration of n-hexane in toluene difficulty was encountered 
in maintaining a uniform smooth film of condensate. At concentration of 
80.0 mole per cent n-hexane it was observed when the vapor first entered 
the jacket, and for about 10 minutes thereafter, a smooth film similar 
to that of the other systems formed. Shortly thereafter the flow of 
condensate appeared to be disturbed and a ring formation of the condensate 
appeared on the condensing surface, Figure 30. These rings of condensate, 
which were moving along the tube in the direction of vapor flow, were 
uniformly spaced and were about 1/8 to 3/16 Inches in width and extended 
completely around the tube. There were four rings per inch of tube 
length. The boundaries of the rings were very well defined. However, 
as the temperature difference across the film was reduced the shape of 
the rings became Irregular and they were no longer uniformly spaced.
The flow of the condensate became more Irregular as the temperature 
drop was lowered further. Now ridges and valleys with definite boundaries 
were taking the place of uniform rings, and very often they would run
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Into each other. The valleys appeared to be very thin film of the 
condensate, which in places showed disturbances because of the flow of 
large ridges. These irregular flow patterns indicate turbulence in 
the condensate film and this could be true even though the average 
condensate rate per unit length of the tube indicates a Reynolds number 
well below the accepted critical value of 4200, if this is the true 
criterion.
The irregular pattern of flow, Figure 31, was more pronounced when 
the concnetratlon of n-hexane in toluene was lowered to 50 per cent 
and the temperature drop and rate of condensation were maintained in 
the intermediate range. As the rate of condensation was further reduced, 
the flow pattern was extremely non-uniform and the valleys were becoming 
wider and wider. At times it seemed as though there were no flow of 
the condensate on the condensing bar except for a few ridges at a 
distance of about 1/2 to 3/4 inches apart. It is believed that this 
flow pattern accounts for the high coefficients determined for 50.2 mole 
per cent of n-hexane in toluene. A further reduction in concentration 
of n-hexane in toluene, to 21.1 mole per cent, resulted in uniform ring 
formation only at a high rate of condensation. For both 50.2 mole per 
cent and 21.1 mole per cent n-hexane, the curves based on temperature 
difference between the entering vapor and average wall temperature are 
not straight line and turn upward at low temperature differences. This 
is explained by the formation of ridges and the large gap between them.
The ring and irregular ridge formation for the system of n-hexane 
and toluene can be summarized as follows: At either high, (00 mole per
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FIGURE 3 0 .  RING FORMATION OF THE CONDENSATE  
AT HIGH CONCENTRATION OF n-HEXANE IN TOLUENE, 
INTERMEDIATE CONDENSATE RATE, AND INTERMEDIATE 
TEMPERATURE DIFFERENCE.
FIGURE 31. IRREGULAR PATTERN OF CONDENSATE 
AT LOW CONCENTRATION OF n-HEXANE IN TOLUENE, 
LOW C O N D ENSA TE R A T E ,  AND IN T E R M E D IA T E  
TEM PE R A TU R E D IF F E R E N C E .
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cent) or low, (21.1 mole per cent) concentration of n-hexane In toluene 
regular ring formations were produced at high condensation rates. Such 
rings remained as the condensation rate was lowered to a medium range. 
However, as the condensation rate was reduced further, Irregular ridges 
took the place of uniform rings. At a lower concentration, a 50 per 
cent mixture, formation of the Irregular ridges took place much faster 
and sooner and as the condensation rate was lowered the flow patterns 
became worse.
This same sort of film appearance has been reported by Bromley, 
et al. (9) for condensing pure water and pure acetone on the outside 
of a 3/4 Inch I.D. horizontal stainless steel tube. Todd (104) 
observed the same flow pattern of the condensate for a mixture of 
methanol In benzene, but the flow of irregular ridges were not as 
severe as in the present work. The ring formation and rippling of 
condensate would Increase the rate of condensation, as compared to a 
uniformly distributed film. The Increase in rate of condensation with 
the consequent turbulence in the liquid film would result in high heat 
transfer coefficient.
From plots of heat transfer coefficients and temperature drop 
across the film for each system, Figures 18 through 29, the heat 
transfer coefficients at 5°F. Intervals of temperature drop were 
recorded and tabulated in Table X -A, B, and C. The heat transfer data 
based on vapor temperature were eliminated. It has been pointed out 
previously, that In all cases the vapor temperature and the dew point 
of the condensate were close to each other. Consequently heat transfer
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data were close together. Therefore, it Is safe to assume that, for 
purposes of cross'Correlation the behavior of heat transfer data based 
on dew point temperature would also represent the behavior of data 
based on vapor temperature. The data in Table X were plotted on 
Figures 32, 33, and 34. These figures show, for each of the three 
methods of measuring temperature drop across the film, the relationship 
of heat transfer coefficient as a function of condensate composition 
with tempearture drop across the film as a parameter.
Comparison of the three sets of curves for each of the three binary 
systems shows that only for the benzene-n-heptane system were the curves 
obtained based on boiling point and the interfacial temperatures most 
linear; even they were not completely so. These curves are more nearly 
linear at the higher tonperature differences. The maximum deviation 
from linearity for curves based on boiling point temperature was -8 
per cent against the maximum deviation of -12 per cent obtained for the 
curves based on interfacial temperature. Both of these deviations were 
obtained for a 10°F. temperature drop across the film. The deviations 
become much smaller at higher temperature differences.
The curves based on dew point of condensate show a large dip at 
approximately 33.0 mole per cent benzene in n-heptane. Reviewing the 
temperature-composition diagram for this system, it is noticed that the 
temperature difference between the dew point and the bubble point of 
condensate is largest at a composition of 30 to 35 mole per cent than 
at any other composition. Moreover, a study of Figures 20 and 21 shows 
that at compositions of 54.6 and 32.6 mole per cents the heat transfer
119
TABLE X
FILM COEFFICIENT OF CONDENSING BINARY VAPORS AT
CONSTANT TEMPERATURE DROP
A BENZENE-n-HEPTANE SYSTEM
Temperature Mole Per Cent Bensene In the Primary Condensate
uicierence 
*F. 0 32.6 54.6 70.2 82.5 100
A  T i  -  T x -  Tw hj, Btu/Hr. Ft.2 •f .
10 280 258 300 310 350 380
15 237 227 258 265 298 333
20 210 210 230 238 263 300
25 192 196 212 220 240 280
30 205 187 198 204 223 264
A V ^ D P  " TW
h p p t Btu/Hr,. Ft.2 *F.
10 280 197 235 271 347 380
15 237 186 215 240 290 333
20 210 181 203 222 260 300
25 192 177 195 208 238 280
30 205 175 187 197 222 264
35 209 173 181 189 210 250
A  T "T - T 
BP BP W
h ^ ,  Btu/Hr. Ft.2 •f .
10 280 316 315 320 360 380
15 237 268 268 272 305 333
20 210 240 240 243 268 300
25 192 222 222 223 245 280
30 205 206 208 207 237 264
35 209 195 200 195 215 250
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TABLE X
FILM COEFFICIENT OF CONDENSING BINAK’i VAPORS AT
CONSTANT TEMPERATURE DROP
B n-HEPTANE-TOLUENE SYSTEM
Temperature Mole Per Cent n-Heptane In the Primary Condensate
Difference
•f . 0 31.0 50.1 63.9 85.6 100.0
A T  m T - T I I W h^, Btu/Hr. Ft.2 *F.
10 312 485 345 360 280 285
15 285 390 281 295 225 240
20 268 330 245 255 192 212
25 255 293 272 228 172 202
30 245 341 320 228 155 205
A T  ■ T - T 
DP DP W
h__, Btu/Hr 
DP
. Ft.2 CF.
10 312 450 333 348 280 285
15 285 365 270 285 223 240
20 268 315 233 252 190 212
25 255 280 262 228 177 202
30 245 310 305 220 152 205
35 275 365 335 230 147 208
A t ■ t - t
BP BP W
Btu/Hr . Ft.2 °F.
10 312 505 357 368 280 285
15 285 398 290 300 223 240
20 268 338 250 260 190 212
25 255 320 287 232 177 202
30 245 368 320 230 152 205
35 275 410 355 240 147 208
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TABLE X
FILM COEFFICIENT OF CONDENSING BINARY VAPORS AT
CONSTANT TEMPERATURE DROP
C n-HEXANE-TOLUENE SYSTEM
Temperature
Difference
*F.
Mole Per Cent n-Htxane In the Primary Condensate
0 21.1 50.2 70.2 80.0 100.0
A T  ■ T - T 
^  I I W h , Btu/Hr . Ft.2 •f .
15 285 220 182 205 257
20 268 104 228 198 197 238
25 255 132 232 207 193 225
30 245 150 240 210 190 214
35 270 158 247 210 190 -
A  T
DP
m T - T 
DP W
h ^ ,  Btu/Hr. Ft.2 °F .
25 255 74 92 125 144 225
30 245 104 120 142 155 214
35 270 120 142 154 160 -
40 290 130 158 162 163 -
45 305 137 173 165 164 —
A  Tb p " t b p " TW h ^ ,  Btu/Hr. Ft.2 “F.
10 312 300 445 342 300 288
15 286 272 382 303 265 257
20 268 255 345 281 247 238
25 255 243 320 265 233 225
30 245 235 300 252 223 214
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coefficient curves based on dev point temperature fall below those of 
the pure components. These can account for the large dip for curves 
based on dew point tempearture.
For the n-heptane-toluene system the curves based on the three 
different temperature differences are quite similar in appearance as 
would be expected since there is only a small difference between the 
interfacial temperature, dew point and boiling point temperatures. It 
Is also noticed that for this binary system a sharp peak at 31.0 mole 
per cent and a dip at 85.6 mole per cent occur in values of heat 
transfer coefficients. Examination of the temperature-composltion 
diagram for the system shows that the composition at which the peak 
occurs is in the region that the difference between the boiling and 
dew point is the greatest. Furthermore, reviewing Figures 22 through 
25, one would notice that at 31.0 mole per cent n-heptane, Figure 25, 
the heat transfer coefficient curves all fall above those of the pure 
components. However, the curves for 50.1 and 63.9 mole per cents 
n-heptane fall between those of the pure hydrocarbons. Finally, those 
of 85.6 mole per cent all fall below the curves for the pure components. 
This explains the dip which is present at 85.6 mole per cent n-heptane 
in Figure 33. Also, Figure 33 shows that the curves at temperature 
differences of 30°F. do not fall below those of 25°F lines up to 
about 70 mole per cent n-heptane. A quick check of Figures 22 
to 25 would reveal the reason is that at 31.0, 50.1, and 63.9 mole 
per cents n-heptane film coefficients of heat transfer at 30°F. temperature 
difference are higher than those at 25°F. temperature drop. Only at 85.6
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mole per cent n-heptane is the reverse true.
Quite different from the two previously discussed systems are the
curves for n-hexane-toluene system, Figure 34. For curves based on dew
point and interfacial temperatures, the temperature difference parameters
are reverse of the other two systems. In both benzene-n-heptane and
n-heptane-toluene systems the magnitude of the parameter decreases with
increase in h and h at constant composition, whereas, the case is 
I DP
reverse for n-hexane-toluene system. This different behavior between 
n-hexane-toluene mixtures and mixtures of benzene-n-heptane and n-heptane- 
toluene is also shown in plot of heat transfer coefficient versus 
temperature drop across the film, for example, Figures 18, 23, and 27.
For mixtures of benzene-n-heptane and n-heptane-toluene,the heat transfer 
coefficient decreases as the temperature drop across the film increases 
as do the pure components. However, for mixtures of n-hexane-toluene, 
the heat transfer coefficient based on the dew point and the interface 
temperature increases as the temperature drop across the film increases. 
The curves based on dew point temperature show a dip at 21.1 mole per 
cent. At a concentration of 21,1 to 80.0 mole per cent the curves for 
45° and 40° temperature drop show an upward curvature, a straight line 
for 35°, and a hyperbolic curve for 30° and 25° temperature drop. Again, 
just as for the other two binary systems, reason for the dips which are 
present for n-hexane-toluene system is that at concentration that dips 
occur the heat transfer coefficients are smaller than those of the pure 
components. The curves based on boiling point temperature show a sharp 
peak at 50.2 mole per cent n-hexane. Referring to Figure 28, it is
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noticed at this concentration the heat transfer data based on boiling 
point temperature are higher than those of the pure components. This can 
be generalized as whenever the heat transfer coefficients, based on 
one of the temperature differences, are smaller than those of the pure 
components, there is a dip in the heat transfer coefficient-composition 
curves at constant temperature drop across the film and there exist a 
peak in these curves if the heat transfer coefficients are greater than 
those of the pure components.
The sensible heat transferred by vapor, cooling from its temperature 
to the interface temperature, and the latent heat of condensation 
evolved at the interface were calculated. These are summarized in Table 
XI-A, B, and C. In solving Equation 20 in Chapter II, to determine the 
sensible heat transferred, it was required to know the gas-film heat 
transfer coefficient. Equation 25 and Figure 46 were used to determine 
the gas-film heat transfer coefficient. The magnitude of the coefficient 
for the three binary systems was small, less than 0.35 Btu/Hr.Ft.2 °F.
Its variation with composition of vapor at constant Reynolds number, for 
the binary mixtures studied, is less than 5 per cent; therefore, it is 
considered negligible.
It is noticed from Table XI that the magnitude of term C o is large,
-Co
therefore the ratio of C 0/l-e used in Equation 20 to determine the 
gas-film heat transfer coefficient is essentially equal to C D. This 
corresponds to the fact that the major portion of the condensate was 
carried to the interface by bulk flow rather than by diffusion. The 
same conclusion follows for heat transfer: the sensible heat transferred
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from the vapor by convection, for the three binary systems studied was 
l^ss than 3 per cent of the total heat transferred.
NASS TRANSFER DATA 
The second objective of this work was to study mass transfer 
operation In condensing binary vapors. In particular, It was desired
to determine Individual and over-all gas-phase mass transfer coefficients, 
numbers and heights of the individual and over-all gas-phase transfer 
units. The objective was also to confirm and determine the extent of the 
llquld-fllm resistance, which interpretation of heat transfer data Indicates 
to be present.
The data based on the individual gas-phase resistance are summarized
in Table XII-A, B, and C and those based on the over-all gas-phase
resistance are shown In Table XIII-A, B, and C.
The individual gas-phase mass transfer coefficients were calculated
by the use of Equation 53. The values of k which were determined
Independently from Equation 26 are also tabulated in Table XII, for
comparison. For the three binary systems, k differs from 0.4 to 40
g
per cent from k . The. average difference for each binary system is,
81
about 10 per cent. It is believed this is a satisfactory check on the 
data.
The number of individual gas-phase transfer units for the three 
binary systems were found to vary between 2 to 4, depending on the binary 
system and composition. The height of a gas-phase transfer unit varied 
between 0.15 to 0.35 feet, again varying with the system and*composition. 
The working equation developed in Appendix C, Section II-C-5,
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n-Haxana 
In Taper
•o, of India idual 
Ona-Pbaaa
Tranafar Unlta
Halfht of An 
Indl*l<tial 
Qaa-Phaea
Tranafar Call
Oaa-Phaaa Haaa
Tranafar Coafflalant
Ib.-Molaa
n. ft. Hr, Ft! Kola Fraction
*2 7AI r i l r *3 % V Par Cant Dlffarana
» B0.U5 m u  i-m c m  d-*ia* 11 j l (  IKXKHQ VAPOR TO TO FRIHW oomnem
0,0658 86.9* 80.23 86.6 3.036 0.711, O.0U36 0.0U88 -  10.6
0.059* 8 6 .A 80.6b 86.0 3.11)6 0.206 0.01,86 0.01,90 -  0 .8
0.0587 66.S* 80.15 86.2 2 .9 )0 0.222 0.0*22 0.01)32 -  2.3
o.filM 85.97 79.96 85.7 3.099 0.210 0.0)77 0.0*05 -  6 .9
0.0567 85.50 80.61 85.2 2.788 0.233 0.036) 0 ,0 )88 -  6.1,
0.01,86 85.16 #0,56 86,9 2.870 0.226 0.0385 0.0)69 ♦ * .3
0.0570 85.11 80.58 Bit,8 2.679 0.2U2 0.03W 0.0)66 -  7.1
0 . 05*1 86,82 80.27 86.2 2.351) 0.276 0.0)51, 0.0297 ♦ 19.2
0.0630 86.89 80.1)0 86.1 2.101, 0,309 0.0257 0.0285 -  9.9
0.0566 86.51 80.62 86.0 2.*bb 0.266 O.D)S) 0.0)21 -  10.0
b 70.93 x o u  rm  c m  a-KEUuo in  r u  newt ran vapor to  th *  bcduhi o o w c ie a
0.0771, 78.79 70.68 78.) 2.803 0.232 0.09*2 0.0*77 ♦ 5.2
0.0802 79.15 70.75 78.6 2.723 0.2)9 0.0516 0.0*66 « to .7
0.0796 7B.se 70,58 78.0 2.621 0.2*8 0.0*75 0.0*)P ♦ S.*
0.0891) 80.1) 70.71 79.) 2 .*26 0.268 0.0*06 0.0*15 • 2.1
0.0695 79.68 71.22 79.0 2.518 0.258 0 .0 ))* 0.0)80 .12.1
0.0605 79.*3 71.07 78.7 2.*35 0.267 0,0337 0.03)5 ♦ 0,6
0.0710 79.13 71.55 78.) 1.939 0.3)5 0.02** 0.0281 • 13.2
0.01,61) 79.S7 71.0* 78.6 2.172 0.299 0,0282 0.0258 * 8.5
0.0*69 80.08 70.77 79.5 2,772 0.2)* 0.03*5 o.o)*a - 0,8
C 51.30 m du  pm c m  n-HELue Dt j v  unoxno vapor TO TIC FMHART o o im s a
0.0615 66.87 50.97 66.1 3.32* 0.215 0.0*96 0.0*78 4 3.7
0.06** 66 .)* 51.2* 65.5 2.885 0.225 0 .0*96 0.0*5* 4 9 .)
0.0720 66.60 51.22 65.6 2.7)0 0.2)8 0.0*25 0 .0**2 . 3.9
0.0602 65.9* 50.9* 65.0 2.766 0.23S 0.0*52 0.0*09 4 to.S
OJ0659 66.35 50.96 65.2 2.591 0.251 0.0*16 0.0)89 4 7.0
0.0615 67 .*2 Sl.*2 66.2 2.570 0.253 0.0)6) 0.0)78 m * .0
0.0511 66.B7 51.27 65.8 2.65) 0.2*5 0.0)9* 0.0)53 4 11.6
0.0*9* 68.30 51.90 66.9 2.*58 0.26* 0.0)89 0.0309 4 28.9
0.0*9* 67.66 51.*9 66.2 2.1,02 0.270 0.0)98 0.030) 4 31.)
0.0*08 67.6* 51.55 66.) 2.1,82 0.262 0.0225 0.0282 - 20.2
D 21.92 m u  rm c m  n-WAIC DC jr1( IKPHIMO VAPOR TO THE F M U R oomcsm
0.03*0 32.98 21.28 32.6 3.1)23 0.190 0.0*88 0.0*28 * 1*.0
0.0527 32.9* 21.81 32.3 2.85) 0.228 0.03)1 0.0)96 • 16.*
0.0*8* 32.00 21.87 31.* 2.823 0.230 0.0)7) 0.0)75 . 0.5
0.0*98 32.52 21.*1 31.8 2.73) 0.2)8 0 ,0 ]Tl 0.0)62 * 2.5
0.0396 32.27 21.26 31.6 2.796 0.232 0.0)6* 0.0)29 4 to .6
0,0)60 32.7* 21.62 32.0 2.706 0.2*0 0.0222 0.0299 m 3*.7
0.0*0) 33.52 22.72 32.2 2.099 0.310 0.02)7 0.02)0 4 3.0
0.0*10 31.66 22.95 30.3 1.85* 0,)90 0.028* 0.020* 4 )9.2
0.0*91 31.20 22.39 30.2 2.173 0.299 0.02*6 0.0268 * 7.5
Aaarafu par aant dlffaranaa to.S
• Par eant dlffaranoa la daflaad aa ** “ **1 (lac)
V
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TABLE XIII
KMBBt o r o ve r-a ll oas-pkase n u u e ra  vans, huch t or an o v n - tu
OAS-FHASE nUMSm UNIT, AND OVER-ALl HASS TRANS TER COEPTICIINr
a benzene -  d-hiptake ststbi
Run
No.
Vapor Flow 
Rat*
U>. -  Holaa
Hr.
Mola Par Cant 
a In  Vapor
y** ra. *A2
No, o f Oyar»AU 
Oaa-PhNB*
Tranafar Dnita
"oi
H alfht o f As 
Orar-AU 
Qaa-Phaaa 
Tranafar U nit
r t .
O rar-A ll
Maaa-Tranafar
C oafflolant
Lb.-Molaa
Hr. F r,* Ho la  
Praetloo
A 82.57 HD LI PER CENT BENZENE IN 7
1 0.0211 86.6 82,72 85.2
2 0.0210 86.6 82.69 85.2
3 0.0210 86.6 82,67 85.2
1* 0.0232 86.1* 82.1*7 85.3
5 0.0192 36.1* 82,1*6 85.2
6 0.0178 86. 1* 82,51* 85.3
7 0.0211* 36.1* 82.59 81*.9
8 0.0219 86.6 82.67 8U.8
9 0.0219 86. 1* 82.1*7 Sli.S
10 0.0187 86. 1* 82.1*1* 85.2
B 70,37 HOLE PER CENT BENZENE
1 0.0190 77.6 70.26 75.7
2 0.0200 77.7 70.50 76.0
3 0.0211* 77.6 70.21 76.0
1* 0.0236 77.7 70.37 75.8
5 0.02U) 77.7 70.39 76.2
6 0.021*2 77.7 70.35 75.8
7 0.0250 77.7 70.35 76.2
8 0.0253 77.8 70.1* 76.1*
9 0.0285 77.7 70.31* 75.7
10 0.0285 77.8 70.1*1* 75.7
11 0.0253 77.8 70.1*8 75.6
12 0.0239 77.7 70.31 75.6
C 51*.91* MULE PER CENT BEICENE
1 0.0276 67.0 55.1*1* 61t.O
2 0.0261* 67.0 55.21* 61*. 0
3 0,0276 66.8 51*.85 63.1*
1* 0.0238 67.0 55.15 61*. 2
5 0.0238 66.8 51*.83 6I1.O
6 0.0261 66.6 51* .65 63.9
7 0.0307 66.6 S1*.6S 63.7
0 0.0269 66,7 51*.73 61*.l
9 0.0276 66.7 Slt.99 63.8
10 0.021*6 66.8 51*. 85 6I*.0
INCOHINO VAPOR TO THE PH WART onr**sra
1.018 0.638 0,0090
1.026 0.633 0.0090
1.031 0.630 0.0091
1.272 0.511 O.OUli
1.137 0,51*7 0.0095
1.251, 0.518 0.009l(
0.966 0.750 0.0078
0.780 0.833 0.0071
0.897 0.721* 0,0082
1.192 0.51*5 0.009k
INCOHINO VAPOR TO THE PRWAHT 00NURSES
1.350 0.1,81 0.0105
1.1*1*1 0.1*51 0.0121
1.529 0.1*25 0,011*9
1.31*8 0.1*82 0.0133
1.582 0.101 0.0159
1.351 0.1,81 0.01J7
1.587 0.1(09 0.0166
1.655 0.393 0.0175
1.302 0.1,99 0.0155
1.253 0.519 0.0150
1.200 0.51*1 0.0127
1.256 0.517 0,0126
IN 7l f  INC’ HI NO VAPOR TO THE PR WART CONOCICQt
1.31*7 0.1*82 0.0156
1.361* 0.1*76 0.0151
1.255 o.sie 0 .0 li£
1.1*1,1 0.1*51 o.oiil*
1,520 O.U27 0.011*5
1.1*95 0.1*38 0.0162
1.1*11* 0.1*60 0,0182
1.525 0.1*26 0.0172
1.39k 0.1*66 0.0162
1.1*51 0.1*i*7 0.011*9
9
10
D 32.90 MOLE PER CENT BENZINE IN Tlt INCOHINO VAPOP. TO THE PRWAHT CONWBBl
0.0292 1*8.6
0.0262 1*0 .2
0.031S 1*8.8
0.0292 1*8.0
0.0238 1(8.8
0.03U* 1*8.7
0.0286 1*8.2
0.0269 1(6.5
0.0263 1*8.6
0.0316 1*8.8
33.06 38.5 0.1*30 1.511
32.56 38.3 0.1*56 1.1(25
33.39 39.8 0.537 1.210
33.20 IP.2 0.59k 1.09k
33.13 1*0.0 0.576 1.128
32.83 1(0.2 0.623 1.0k3
32.58 W.o 0.61*3 1.011
32.72 39.8 0.59k 1.09k
32.92 39.9 0.588 1.105
32.1*5 1(0.2 0.61,2 1.012
0.0052
0.0050
0.0071
0.0073
0.0057
0.0082
0.0060
0.0072
0.0065
0.0085
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Run
Mo.
1
2
3
It
5
6
7
8 
9
10
U
12
13
Ut
1
2
3
b
5
6
7
8 
9
10
1
2
3
b
5
6 
7 
6 
9
10
1
2
2
s
6
7
8 
9
10
TABLE XIII
NUMBER or 3VZR-AU 0AS-PHASE TRANSFER UNITS, HEICMT Of AN OVER-ALL 
OAS-PKASE TRAMMER UNIT, AMD OVER-ALL MASS TRANSFER COEFFICIENT
B n-HEPTANE - TOLUENE SYSTEM
Vapor Flow 
Rata
Lb. • Holaa
Hr.
V
Mola Par Cant 
n-Haptana in  Vapor
No. o f Orar-A11 
Oaa-Phaaa
Tranafar U nit*
Haight o f An 
O rar-A ll 
Oaa-Phaaa
Tranafar U nit
Ft.
yAl 7*2 "oi
Ovar-All
Kaaa-Tranafar
Coaffleiant
Lb,-M ola*
Hr. F r.1 Mala 
Fraction
o.obao
o.obSb
0.0507
0 .053U
0.01,80
o.obSb
O.ObbO
0 .01,80
o.oblS
o.obSb
o.ob9b
0.0507
0.059b
0.0600
0.01,73
0.056b
0.053b
O.Q555
0.0525
0.05U3
0.0571
0.0558
0.06bo
0.05b3
85.70 86.7 0.510 1.27b
85.70 86.6 0.LL5 l.b60
85.62 86.7 0.5L2 1.199
85.53 86.7 0.60? 1.071
85.78 86.7 o.L5b l.b 3 2
85.70 86.7 o .5 io 1.27b
85.66 86.7 0.526 1.236
85.66 86.7 0.526 1.236
65.6b 86.6 0.b69 1.386
85.70 86.6 0.b2b 1.533
85.75 86.6 o.bo5 1.605
85.72 86.6 0 .b l7 1.559
85.66 86.7 0.526 1.236
85.66 66.7 0.526 1.236
A 85.68 HOLE PER CENT n-HEPTAKE IN Jlt INCOMING VAPOR TO THE PRIMARY OONDMEER
88.2 
88.2 
88.2 
88.1
88.3 
88.2  
88.2 
88.2 
88.2
88.3
88.3
88.3 
86.2  
88.2
B 6b.13 HOll PER dNT n-HEPTANE IN n ,  INCOMING VAPOR TO THE PRIMARY CONDENSER
0.559 
0.521 
0.553 
O.U85 
o.Sll 
o .5 lb  
0.h69 
0.L60 
O.bSb
0.bS3
C 50.32 HOLE PER CENT n-HEPTANE Dl y ^  INCOHrNO VAPOR TO THE PRIMARY C0HDEN5B
l'.S U  
1.255 
1.300 
1.566 
1.560 
1.50b
1.bbb 
1.371 
l.bTO 
1.215
D 31 .15  HOLE H R  CENT n-HEPTANE IN  y x ,  D W O Itnc VAPOR TO THE PRIMARY CONDENSER
o.obae 69.2 6b . bo 67.7 1,162
0.0b33 65.2 6b.32 67.8 1.2b7
0.0515 69.2 6b.3b 67.7 1.17b
0.0516 69.1 6b . 12 67.8 1 .3b l
0.0516 69.1 6b.lO 67.7 1.271
0.0515 69.1 6b .13 67.7 1.265
O.OS58 69.1 63.89 67.8 1.386
0.0528 69.0 6b.06 67.8 1.113
0.0555 65.0 63.97 67.8 1.1,31
0.0583 69.0 63.96 67.8 1.U33
0.0516 58.0 50.63 53.2 0 .b2B
O.Ob87 57.7 50.26 S3.2 0.502
0.0502 S7.7 50.28 53.2 o.Soo
0.052b 58.0 50.58 53.1 O.blS
0.0506 58.0 50.58 53.1 o.blS
0.0521 57.7 50.15 52.8 0.b320.05a 57.7 50.17 52.9 O.bSO
0.0535 57.7 50.1b 53.0 0.b7b0.0562 57.9 50>b3 53.1 0 .bb2
0.0590 57.7 50.02 53.2 0.533
b0.9 31.53 35.9
bO, 9 31.52 35.8
b0.7 31.33 35.7
10.6 31.08 36.0
b0.9 31.10 35.8
bO. 9 31.53 35.8
tP.O 30.76 35.8
b l.0 31.55 35.8
bo.o 30.66 35.8
bO.6 31.02 35.8
0.627 1.036
0.600 1.069
0.627 1.036
0.726 0.895
0.618 1.052
0.607 1.071
O.SbO 0.77b
0.596 1.090
0.798 0.81b
0.690 0.9b2
0.0102
0,0085
0.0136
0.0155
0.0111
0.0116
0.0057
0.0106
0.0082
0.0081
0.008b
0.0088
0.0126
0.0132
0.0237
0,0226
0.025b
0,0250
0.0276
0.0273
O.0)2b
0 .0 )1 3
0.0333
0 .0 )5 0
0,0092
0,0102
0.0105
0.0086
0.0080
0,009b
0,0098
0,0106
0,0137
0,0132
0,012b
O.Olbb
0,011(0
0.0170
0.0137
O.Olbl
0.QR01
O.01b5
0.021b
0.01S7
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TABLE XIII
m u i  o r o m - u x  oas- pkase t iu s f e r  u n its , h e ig h t o f an over- a il
0A8-PHASE TRANS FIR UNIT, AND OVER-ALL MASS TRANSFER COEFFICIENT 
C n-KEIANE -  TOUJENE STSTDl
Run
No.
Vapor Flow  
R at*
U>. -  Holaa 
H r.
M o l* Par Cant 
n-Haxana In  Vapor
V - *A1 yA2
No. o f Ovar-All 
Ooa-Pbaa*
Tranafar U nit*
H a lfh t o f An 
O ra r-A ll 
Oaa-Phaaa
T ran afa r U n it
F t.
OS «oa
Orai—A ll 
Naaa-Tranafar 
C oafflclant
Lb,-Holaa
Hr. FT.* Mol*
Fraction
A 80.1,0 IC ii PER CENT n-HEXAlC IN 71,  INCOMING VAPOR TO THE PRDtART CCNDEIfSER
7
8
9
ID
0.0656 92.2 80.23 86,6 0.758 0.857
0.0596 92.1a 80.6lt 86.0 0.607 1.071
0.0587 92.2 80.15 86,2 0.69li 0.936
o.oltiil* 92.0 79.96 85.7 0.617 1.001,
0.0567 92 .U 80.61 85.2 0.1,69 1.385
0.0I186 92 all 80.56 81t.9 o.l*S5 1.1,28
0.0570 92 .It 80.58 8li,8 o.bbl 1.1,7a
0.05U1 92.2 80.27 86,2 0.686 0.91,7
0.0630 92.0 ao.uo 86.1 0.675 0.963
0.0566 92.3 80.62 86.0 0.616 1.055
0.0208
0.0152
0.0171
0.0120
0.0117
0.009J
o.oio5
0.0156
0.0178
O.OliiS
B 70.93 MOLE PER CENT n-HElA.EE 18 Jl» INCOMING VAPOR TO THE PRIMARY CTNDENSER
1 0.0771, 87.6 70.68 78.3 0.597 1.089 0.0191,
2 0.0802 87.6 70.75 78.6 0.626 1.0)8 0.0256
3 0.0796 87.5 70.58 78.0 0.576 1.128 0.0192
1, O.089I1 87.5 70.71 79.3 0.692 0.939 0.0268
5 0.0695 87.7 71.22 79.0 0.638 1.019 0.0186
6 0.0605 87.6 71.07 78.7 0,618 1.052 0.0136
7 0.0710 87.7 71.55 78.3 0.51*0 1.201* 0.011,9
8 0.01,81, 87.5 71.0b 78.6 0.611, 1.058 0.0108
9 0.0b69 87,6 70.77 79.5 0.730 0,890 O.OUJ
C 51.30 (DIE PER CENT n-HEXANE m y *. INOOHING VAPOR TO THE PRIMARY ODNDENSER
1 0.0615 77.0 50.97 66.1 0.869 0.71,8 0.022b
2 0.06U, 77.2 51.21, 65.5 0.796 0.816 0.0215
3 0.0720 77.0 51.22 65.6 0.815 0.797 0.02b8
1, 0.0602 76.0 50.96 65.0 0.822 0.791 0.0208
5 0.0659 77.0 50.96 65.2 0.790 0.823 0.0218
6 0.0615 77.0 51.1,2 66.2 0.861 0.755 0.0222
7 0.05U 77.0 51.27 65.8 0.831 0.782 0.0178
3 0.01,91, 77.1, 51.90 66.9 0.886 0.733 0.018)
9 0.01,91, 77.0 51.1*9 66.2 0.858 0.757 0.0178
ID O.OL08 77.0 51.55 66.3 0.865 0.751 0.011,8
D 21.92 MOLE PER CENT n-HEZANE IN Fl f  INOOKINO VAPOR TO THE PRIMARY CONDENSER
1 0.03UO 51.0 21.28 32.6 O.U79 1.357
2 0.0527 51.3 21.81 32.3 0.b)9 1.1,80
3 O.obSb 51.3 21.87 31.lt 0.391 1.662
b O.Ob98 50.7 21.bl 31.8 0.b38 l.bSb
5 0.0396 50.5 21.26 31.6 0.1,36 1.U91
6 0,0360 51.0 21.62 32.0 O.blS 1.1,91,
7 O.ObO) 51.5 22.72 32.2 0.399 1.629
S O.OblO 51.8 22.95 30.3 0.293 2.218
9 0.0b9l 51.5 22.39 30.2 0.311 2.090
0,0068
0.0097
0.0079
0.0091
0.0072
0.0066
0.0067
o,oo$o
0.0061*
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Equation 29-C, for calculating the height of a gas-phase transfer unit 
for vapors entering the primary condenser, H , ia not applicable for
O ^
determining H^. Because the final form of Equation 29-C, as it is shown
in Section T.l-C-5 of Appendix C, is based on Figure 46 which is for flow
of gases transverse to cylinders. The flow of residual vapors V2 used
in determining H were already past the condenser, therefore, the 
g
generalized Equation 29-C is not applicable.any more. A sample calculation 
made in Appendix C, Section III-A-3, shows that H determined from
O
Equation 29-C is about 6 times greater than those determined by either
Equations 55 or 56.
The determination of the interfacial composition, which was
subsequently used to obtain the gas-phase transfer data discussed above
was based on the assumption that liquid-phase resistance to heat and mass
transfer was absent, however, comparison of the interfacial composition
and temperature with those for vapor and condensate had shown that,
contrary to the assumption, both gas and liquid-film resistances were
present. This can be confirmed further when the magnitudes of the
individual gas-phase resistances are compared with the over-all gas-
phase resistances for the three binary systems. Rather than individual
data, the average resistances for each mixtures were determined and the
ratios of (1/k ) / (1/K ) were determined. For the three binary systems 
g 8
these are sunmarized in Table XIV. This table shows that for most cases, 
as a matter of fact for ten out of twelve mixtures studied, the gas- 
phase resistance constituted less than 50 per cent of the total resistances, 
compared to 90 per cent reported (47) for distillation in vetted-wall
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column. It is noticed from Table XIV that the liquid-phase resistance 
is predominant at both high and low concentrations of the more volatile 
component in the mixtures. It is further noticed that the higher the 
gas-phase resistance the higher the Murphree efficiency. Or in other 
words, as the liquid-phase resistance become significant less fractionation 
will take place, consequently the residual vapors become less enriched.
The number of over-all gas-phase transfer units for the three binary 
systems varied between 0.4 and 1.5, depending on the binary system and 
concentration. Figure 35 is a plot of Murphree pl.^te efficiency, or 
degree of enrichment of residual vapors against the number of over-all 
gas-phase transfer unit. Again, rather than cluttering the chart with 
individual data, the average data for each mixture were plotted. The 
data for the three binary systems are represented with a single line.
The Murphree plate efficiency which is used here to represent the degree 
of enrichment of residual vapors rises rapidly from 30 to 80 per cent 
as the number of over-all gas-phase transfer unit is increased from 0.4 
to 1.5. Though experimental data are not available, from the trend of 
the curve it seems that many more over-all gas-phase transfer units are 
required to raise the efficiency from 80 to 100 pcr cent than were 
required to raise the efficiency from 30 to 80 per cent. From 
extrapolating the curve, one may find 6 to 10 transfer units are required 
to achieve 100 per cent efficiency.
The over-all height of a gas-phase transfer unit varied between 
0.4 to 1.6 feet, depending on the binary system and composition.
Here, the over-all height of a gas-phase transfer unit would have
TABLE XIV
VARIATION OF RATIOS OF GAS-PHASE RESISTANCES WITH COMPOSITION 
AND MURPHREE PLATE EFFICIENCY
Benzene-n-Heptane n-Heptane-Toluene n-Hexane-Toluene
System System System
Average y , Mole Per Cent 85.1 75.9 63.9 39.7 86.7 67.8 53.0 35.8 85.8 78.7 65.9 31.6
A2
Average 1/k8 (100) 28.5 40.0 42.3 18.2 29.6 68.4 26.6 31.7 37.5 48.0 52.6 23.3
1/K
g
Average Murphree 65 ?5>4 ?5>6 43<3 4Q>5 ?3 g 35 g 49 Q 45 y 4g 56>g 3 3 0
Efficiency, Per Cent
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been the same as the height equivalent to a theoretical plate, H.E.T.P.,
if the equilibrium line vere parallel to the operating line. The
relationship between height of a transfer unit and height equivalent
to a theoretical plate is given in the literature (73).
The HQg for the three binary systems were plotted against residual
vapor composition. This is shown in Figure 36. Here again, rather
than using the individual data, the average data for each mixture in
a binary system were used. For both n-heptane-toluene and n-hexane-
toluene systems a point fall above the curve. No explanation can be
offered, but it is probably an error in data. For the three binary
systems, H has a minimum value and becomes very large as the binary 
og
mixtures become concentrated in either component. The minimum point
for the three binary mixtures occurs in the range of 65 to 70 mole per
cent of the more volatile component in the mixtures. In a study on the
distillation of binary and ternary mixtures in a wetted-wall column
Qureshi and Smith (78) found out that the height of a gas-phase transfer
unit depends on the concentration of the mixture in the column. Of the
several mixtures studied by these authors, one is for n-heptane-toluene
system, which their data are plotted in Figure 36. This data also show
a minimum H . However, the curve flattens out in concentration range 
og
of 35 to 70 mole per cent n-heptane and the location of minimum point is
in the neighborhood of 50 mole per cent. The authors give reference to
other investigators that have obtained similar curves for distillation
in packed and plate columns. Theoretically, based on two-film theory
H should show a slight dependence on concentration, whereas experimental 
og
MOLE PER CENT OF MORE VOLATILE COMPONENT, yAf
FIGURE 36. HEIGHT OF AN OVER-ALL GAS-PHASE TRANSFER UNIT
FOR BINARY MIXTURES
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data show otherwise. This is something that needs further investigation.
In a sample calculation liquid-phase mass transfer coefficient and 
the height of a liquid-phase transfer unit were calculated for Test No. 1, 
mixture A, of benzene-n-heptane system, Appendix C, Sections III-C-1 
and II1-C-2. Equations used for these determinations are applicable 
when the equilibrium line is straight over the region which includes the 
Interfacial and bulk vapor compositions. The equilibrium line for 
benzene-n-heptane is straight over the region of compositions used in 
the sample calculation. The liquid-phase mass transfer coefficient was 
found to be 0.010 Lb.-moles/Hr.Ft.2 Mole Fraction, compared to 
0.0265 Lb.-moles/Hr.Ft.2 Mole Fraction for the gas-phase mass transfer 
coefficient. The height of the liquid-phase transfer unit was found to 
be about 12 feet. It is felt that this is too high to be correct.
CHAPTER VII
CONCLUSIONS
The condensing heat transfer coefficients obtained in this work for 
pure hydrocarbons are about 20 to 30 per cent higher than the theoretical 
values predicted by Nusselt's equation. However, these coefficients are 
in good quantitative agreement with those reported in literature (62).
Part of the difference between the experimental and theoretical coefficient 
is attributed to difference between the physical properties of the actual 
materials tested and the values reported for these in literature and used 
in calculating the theoretical values of the coefficient. The other 
part of the difference is believed to be due to turbulence induced in 
condensate film by vapor velocity or high drainage rate, even though 
the maximum vapor velocity in the Jacket was less than one foot per 
second.
The result of this work on pure hydrocarbons indicated that the 
Nusselt's assumption that the condensate layer is in viscous flow is not 
entirely valid. It was found out that turbulence in condensate layer 
occurs at a much smaller value than the accepted critical value of 
4200; most probably in the neighborhood of 250 to 300, At Reynolds 
number greater than 300, the heat transfer coefficient increases, rather 
than decreases, with Increasing condensation rates. Based on mathematical 
and statistical analyses of the author's data for the pure hydrocarbons, 
the constants in Nusselt's equation can be changed to read
0.463
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Although this equation is limited to Reynolds number belov 300, 
its standard error of estimate is 0.068,
The effect of non-linear temperature distribution and cross-flow 
within the film on condensing heat transfer coefficient as proposed 
in literature (10, 81) was studied for the four hydrocarbons. It was 
found out that the proposed correction does not increase the coefficient 
greatly. The maximum increase in the coefficient was about 2 per cent, 
which is negligible.
In condensation of binary vapors the material balance calculation 
on the unit showed that composition of the condensate from the primary 
condenser was almost the same as the original vapor entering the 
condenser, as required by the fact that the operation was such that 
condensation was almost total. The residual vapor (condensate from the 
auxiliary condenser) was consistently richer in the more volatile 
component than was the condensate from the primary condenser obtained at 
the same time. The McCabe-Thiele method of finding the number of 
theoretical plates, indicated that this unit is equivalent to a fraction 
of a theoretical plate. Using the Murphree plate efficiency equation, 
it was found out that for the three binary systems the degree of 
enrichment of the residual vapor varied between 30 to 80 per cent, 
depending on the binary system and composition.
With the assumption that the llquld-film resistance to mass transfer 
was absent, the interfacial temperature was found to be closer to the 
boiling point of the condensate than to either the dew point of the 
condensate or the vapor temperature. This is in accord with the work
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of other investigators (75) that under condition of almost total 
condensation the boiling point of condensate can be taken as the 
interfacial temperature, if the liquid-phase resistance is not 
controlling. However, where there is significant change in composition 
across the liquid-fllm, the boiling point at the vapor-liquid interface 
would be different from that based on the average condensate composition; 
therefore, the boiling point of the condensate will not be the same as 
the Interfacial temperature.
Film coefficients of heat transfer for benzene-n-heptane system 
can be obtained with about 10 per cent error by assuming a linear 
variation with mole fraction between the values of the pure components, 
when the temperature drop across the film is based on either the 
Interfacial temperature or the boiling point of condensate. The deviation 
becomes much smaller at higher values of temperature drop across the film. 
The linearity of heat transfer coefficient with composition did not hold 
as true for n-heptane-toluene and n-hexane-toluene systems.
The sensible heat transferred either by bulk transport or by 
convection in cooling the vapor from its entrance temperature to the 
interfacial temperature is negligible and conatitutes less than 3 per 
cent of the total heat transfer.
The experimental Individual gas-phase mass transfer coefficients 
deviated an average of 10 per cent from those calculated using accepted 
correlations. Therefore, in the absence of experimental data, the gas- 
phase mass transfer coefficients may be determined from the appropriate 
correlation with a probable minimum average error of 10 per cent.
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Mass transfer data indicated that resistance to heat and mass
transfer existed in both vapor and liquid phases. For ten out of
twelve binary mixtures studied, the liquid-phase resistance was more
than 50 per cent of the total resistance. This is contrary to the
assumption made in the previous studies made on this project (75)
that the liquid-phase resistance to mass transfer was absent. Moreover,
the liquid-phase resistance became predominant at high concentration
of either component in the mixture. The fact that gas-phase resistance
to mass transfer was small, as compared to the liquid-phase resistance,
Indicated that the major portion of mass transferred was by bodily
transfer rather than by diffusion process. This conclusion is confirmed
further when it is considered that the term C e used in determining the
-C0
sensible heat was large; consequently, the ratio of C o/1 - e was
essentially equal to C 0.
The enrichment of residual vapors is directly related to the extent 
that the gas-phase resistance is present. The higher the ratio of the 
individual gas-phase resistance to the over-all gas-phase resistance, 
the higher the degree of enrichment of residual vapors.
The number of over-all gas-phase transfer units varied between 0.4 
and 1.5, depending on the binary system and the composition. The 
enrichment of residual vapors is also directly related to the number 
of over-all gas-phase transfer units. However, only at low values of 
enrichment did a given percentage increase in the number of over-all 
transfer units effect about the same percentage increase in the 
enrichment, whereas this was not true for high levels of enrichment.
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A greater number of transfer units were required to raise the enrichment 
from 80 to 100 per cent than were required to raise it from 30 to 80 
per cent.
The over-all height of a gas-phase transfer unit varied with the 
composition from 0.4 to 1.6 feet. For the three binary systems H
og
appeared to have a minimum value and became very large as the binary 
mixtures became concentrated in either component. No theory could be 
presented to predict a minimum H .
CHAPTER VIII
SUGGESTIONS FOR FUTURE WORK 
The present study on pure hydrocarbons has shown that the turbulence 
of the condensate film starts at a Reynolds number of about 250 to 300. 
Assuming that this Is not due to the "drag" affect of the vapors which 
moved at a velocity of less than one-foot per second, the calculated 
Reynolds number Is far less than 4200 which is suppoed to be a criterion 
for turbulence in the condensate film. As a part of heat transfer 
studies, further work should be done to establish the Reynolds number 
criterion for turbulence in the condensate film and Its effect upon 
condensing heat transfer coefficient.
The present study may be extended further to determine heat and 
mass transfer coefficients for condensing binary hydrocarbons vapors 
composed of paraffinic and/or aromatic hydrocarbons. Such data are 
not available in literature.
As a part of a larger program in heat and/or mass transfer studies, 
in partial condensation the effects of fluid velocities and composition 
on the rate of heat and/or mass transfer and the enrichment of residual 
vapors may be investigated. Condensation with complete fractionation 
(equilibrium between vapor and liquid) and the fractionation effected 
in condensation may also be considered.
Mass transfer operation in condensing binary vapors should be 
studied further. The present investigation has shown that contrary to 
the accepted theory the liquid-phase resistance to mass transfer is 
appreciable and constitutes better than one-half of the total resistance.
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This problem should be studied further and establish the limits under 
which it holds true. Should additional data verify this, liquid mass 
transfer data and relationships are required; the effect of the vapor 
and liquid diffusion on the interface composition should be studied. 
Johnstone and Pigford (47) found mass transfer rates in streamline flow 
region of a liquid film in a wetted column to be much higher than those 
predicted by theory. These authors report values for the heights of 
llquid-film transfer units, for distillation in a wetted-wall column 
one-half to one-quarter those predicted by theory for liquid-film 
Reynolds numbers below 500. This problem along with the effect of 
turbulence in the condensate film upon mass transfer rates may be 
considered in condensing binary vapors.
The relationship between Ho^ and composition and the minimum H 
shown here and elsewhere (78) require further investigation. No attempt 
was made in the present study to correlate the vapor and the liquid 
phase height of a transfer unit with the Reynolds number of the 
corresponding phases. However, such correlations may be developed 
and compared with the observed measurements shown by Kent and Pigford 
(50). For these studies, references (19,20,47,50,78,98) may be of 
value.
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APPENDIX A 
NOMENCLATURE
Interfacial area per unit volume of apparatus, Ft.2/Ft.3 
Heat transfer area, Ft.2 
Concentration, Lb.-moles/Ft.3 
Defined by Equation 21.
Specific heat at constant pressure, Btu/Lb.°F.,
C . and C are for components A and B. C , liquid-film 
PA pB p  f
or gas-film specific heat. Cp°> Ideal state gas specific 
heat.
Diameter, Ft. D^ , Outside diameter of condensing bar, 
(3.908/12) Ft. D^* Inside diameter of the jacket,
(6.025/12) Ft. Dq , Outside diameter of pipe, Ft. 
Diffusivity coefficient, Ft.2/Hr.
Base of natural logrithm, 2.718...
Murphree vapor efficiency, Equation 17-C, Appendix C
0
Acceleration due to gravity, 4.17 x 10 Ft/Hr.2
O
Conversion Factor, 4.17 x 10 Lb. of Fluid.
Ft./Hr.2 Lb. Force
Mass velocity of condensing vapor in the primary condenser, 
Lbs./Hr.Ft.2 . Based on surface area of condenser and rate 
of condensation in the primary condenser.
Mass velocity of vapor, Lbs./Hr.Ft.2 used for calculating 
the Reynolds number of condensing vapor in the primary 
condenser. Based on one-half of cross sectional area of
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flow and one-half of rate of condensation in the primary 
condenser.
Mass velocity of vapor, Lbs./Hr.Ft.2 used for calculating 
the Reynolds number of vapor entering to the primary 
condenser. Based on one-half of cross sectional area of 
vapor flow and one-half of rate of flow of vapor entering 
the primary condenser.
Molar mass velocity of condensing vapor in the primary 
condenser, Lb-moles/Hr.Ft.2. Based on one-half of cross 
sectional area of vapor flow and one-half of rate of 
condensation in the primary condenser.
Molar mass velocity of vapor entering the primary condenser,
Lb.-Moles/Hr.Ft. . Based on one-half of cross sectional
area of vapor flow, one-half of rate of vapor flow entering 
the primary condenser, and molecular weight of entering 
vapor.
Molar mass velocity of vapor leaving the primary condenser,
Lb.-moles/Hr.Ft.2. Based on one-half of cross sectional
area of vapor flow, one-half of vapor flow rate leaving 
the primary condenser, and the molecular weight of vapor 
leaving the primary condenser.
Height that vapor is traveling in the Jacket, Ft.
Heat transfer coefficient, Btu/Hr.Ft.2oF. h , based on
BF
boiling point of condensate, hased on dew point of
condensate, h j , based on interfacial temperature.
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hv , based on entering vapor temperature, 
hg - Gas-fllm coefficient of heat transfer, Btu/Hr.Ft.2°F.
ligA’ hgB - Enthalpy of saturated vapor of components A and B,
respectively, Btu/Lb. 
hiA* hjg - Enthalpy of saturated liquid of components A and B,
respectively, Btu/Lb. 
hn, - Mean coefficient of heat transfer, Btu/Hr.Ft.2*F.
Hg - Height of an individual gas-phase transfer unit, based
on the rate of condensation in the primary condenser, Ft. 
Hgi - Height of an individual gas-phase transfer unit, based on
the rate of vapor entering the primary condenser, Ft.
H^ - Height of an individual liquid-phase transfer unit, Ft.
H0g - Height of an over-all gas-phase transfer unit, Ft.
JD , - Dimensionless factors for mass and heat transfer,
respectively.
k - Boltzmann Constant, gas constant/molecule,
1.381 x 10”*^ cm.dyne/deg. 
k - Thermal conductivity, Btu/Hr.Ft.2 °F/Ft. k£ thermal
conductivity at the mean liquid-film temperature, k^, 
kg, thermal conductivity of components A and B in vapor 
phase, kjjj thermal conductivity of vapor mixture, 
kg - Individual gas-phase mass transfer coefficient,
Lb.-Mole/Hr.Ft.2 Mole Fraction, 
k^ - Individual liquid-phase mass transfer coefficient,
Lb.-moles/Hr.Ft.2 Mole Fraction.
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K_ - Overall mass transfer coefficient, Lb.-Moles/Hr.Ft.2
Mole Fraction.
L - Effective condensing length or wall thickness, Ft.
L - Molar mass rate of liquid, Lb.-moles/Hr.
Ljj - Molar mass velocity of liquid, Lb.-moles/Hr.Ft.2
m - Slope of equilibrium curve, Equation 63.
M - Molecular weight, M^ for component A, Mg for component B.
25
ng - Refractive index at 25°C. using sodium D line.
N , N - Rate of diffusion of components A and B, respectively,
A B
Lb.-moles/Hr.Ft.2
- Number of individual gas-phase transfer unit.
N - Number of overall gas-phase transfer units,og
p - Partial pressure of diffusing vapor, Atmosphere, p^ and
Pg are for components A and B. P^i> Partial pressure of
component A at the interface. p.„, partial pressure of
AV
component A in main body of vapor.
P - Total pressure, Atmosphere.
P - Critical pressure, Atmosphere.
L
Pr - Prandtl number, Cp p/k, a dlmensionless term,
q - Heat transferred, Btu/Hr.
qc - Heat flux per unit area arising from condensate cooling,
Btu/Hr.Ft.2
q8 - Heat flux per unit area received by condensate layer from
vapor as sensible heat, Btu/Hr.Ft. 
q^ j - Heat flux per unit area evolved by condensation at the
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Interface I-I, Btu/Hr.Ft.2
Total heat flux per unit area absorbed by the cooling 
medium, Btu/Hr.Ft.2 
Radius of pipe, Ft.
Distance of separation of molecules.
Hydraulic Radius, r^ » flow area/wetted perimeter, Ft. 
Ratio of W/W2.
Reynolds Number
Cross section of film of Condensate, Ft.2
Sutherland Constant, S * 1.47
Schmidt number \±/pDv , a dimens lonless term.
Temperature, (not absolute, unless indicated, °F)
Normal boiling point, °K.
Boiling point of condensate, °F.
Cooling water temperature, °F.
Critical temperature, °K.
Dew point of the condensate, °F.
Mean film temperature, °F.
Temperature at the interface, °F.
Reduced temperature
Entering vapor temperature, °F.
Average wall temperature, °F.
Downward velocity of condensate film, Ft./Hr. v ,J m
mean condensate velocity, Ft./Hr.
Vapor flow rate, Lb.-moles/Hr. , for vapor entering the
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primary condenser. V2 , for vapor leaving the primary 
condenser (entering the auxiliary condenser).
Molecular volume at normal boiling point, cm.3/gm.-mole.
Vb^ and VbB are for components A and B, respectively. 
Critical volume, Cm3/gm.-mole.
Molar rate of condensation as used in Equation 31. 
lb.-Mole/Hr.Ft.2
Mass rate of flow of condensate, Lbs./Hr.
Rate of condensation in the primary condenser, Gms./Min. 
Rate of vapor flow to the primary and the auxiliary 
condensers, respectively, Gms./Min.
Mole per cent or mole fraction in the liquid phase, x^,
for more volatile component in the primary condensate.
x for less volatile. x , for the auxiliary condensate.
B
X  * at the interface is in equilibrium with y ,  •
AI AI
Weight per cent of a component in liquid phase. X^, for
more volatile component. X^, for less volatile component.
Mole per cent or mole fraction in vapor phase. yA , for
more volatile component, y , for less volatile component.
y^j and y ^  refer to the more volatile component in vapors
*
to the primary and the auxiliary condensers, y^ is in
equilibrium with x4 . y and y refer to the more
A AI AV
volatile component at the interface and in the main body 
of vapor, respectively.
Weight per cent of a component in vapor phase. Y and Y
AI A2
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refer to the more volatile component in vapors entering 
and leaving the primary condensers.
z - Distance in direction of diffusion, Ft.
z - As defined by Colburn and Drew: Ratio of the rate of
condensation of the more volatile component to the net 
rate of condensation, N^/(N^ + N^).
Z - Thickness of the film or laminar layer, Ft. Z^ , for the
liquid film. Z^, for the vapor film.
Greek Letters:
a - Angle between any radius of a horizontal tube and a
vertical plane at the axis, degree.
T - Total mass rate of flow over a surface per unit length.
A - Symbol for difference.
€ - Energy difference between the separated molecules and
the molecules in the configuration in which they have 
the maximum energy of attraction, ergs.
Symbol for function of.{
\  - Latent heat of condensation, Btu/Lb.
Latent heat of condensation at the interface, Btu/Lb.
i
\ - Defined by Equation 12.
* Viscosity, Lbs/Hr.Ft.- p , p are viscosities of components A
A B
and B. p Viscosity at the mean condensate-film temperature,
Tr
n - 3.1416 ...
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Density, Lbs./Ft.3, p and p are densities of components
A B
A and B. p^, density of condensate film at T£.
Collision diameter for low velocity head-on-collisions, 
Angstrom.
Nusselts physical property group, a dimensionless factor. 
Defined by Equation B-8.
APPENDIX - B
PHYSICAL PROPERTIES AND OTHER DATA
In preference to experimentally determining the physical properties 
of the specific hydrocarbons used in this experiment, it was decided to 
used the best information available in literature. Although the reported 
properties may be highly accurate, they may not represent the properties 
of the particular grade of the hydrocarbons used for this investigation. 
With this limitation in mind, the following properties were either 
directly reported from the literature or were calculated from theoretical 
equations. When a property was reported by many investigators, the data 
were compared and the best data in this author's opinion (or the opinion 
of other authors who have compared the data of various investigators) 
were chosen to be used in calculations. When experimental data for a 
property of a hydrocarbon were not available in the literature or the 
available data were very meager and doubtful, a study was made of the 
theoretical or empirical equations proposed by various authors. The 
equations were compared against the experimental data for other 
hydrocarbons. Of these proposed equations, the one which deviated the 
least from the experimental data, was chosen to calculate the property 
in question.
I DENSITY
I A - Pure Liquids. The density of liquid hydrocarbons is given 
by Rossini (84) in the A.P.I. Project 44. The data in this project are 
reported to be very accurate. Therefore, no further search of literature
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was made for this property.
I B -  Pure Vapors. Vapor densities for benzene, n-heptane, and 
n-hexane are reported by Lange (55). No data could be found for toluene 
vapor.
An equation is presented by Dreisbach (28) for calculating the 
vapor densities. This method, which is based on a vast quantity of 
experimental data is believed to be very accurate, was used to calculate 
the toluene vapor density. As a check on Dreisbach's equation, the vapor 
densities of benzene, n-heptane, and n-hexane were also calculated and 
were compared with the data reported by Lange. For each of the three 
hydrocarbons, the calculated values were found to be very close to 
Lange's data. The maximum deviation from Lange's data for the three 
hydrocarbons was less than 0.5 per cent.
The equation proposed by Dreisbach is:
*
log p = A
B B -1
t + C
up to temperature t^, where
B-2
tx - (1.1 Tc - 273.2) B-3
where Tc is the critical temperature, °K.
The constants A*, B*, C, c, K, t^, and t for the four hydrocarbons
are tabulated below:
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Benzene n-Heptane n-Hexane Toluene
1.19411 1.31598 1.25366 1.27923
1127.9 1190.5 1097.44 1252.3
220.790 216.954 224.366 219.337
-0.13147 -0.14033 -0.14186 -0.11760
25 24 24 23
K 562.6 540.0 507.9 594.0
C 345.8 321.0 285.6 380.2
C 155.6 150.0 117.0 184.6
B
C
c
K
T 0 *c»
The calculated data are summarized in Table XV.
As It was Indicated earlier, Equation B-l, is accurate up to a
temperature t^, for each substance. Above the temperature t^, other
constants are introduced into the equation. However, since in all
cases the temperatures at which it was desired to calculate the vapor 
densities were below t^, Equation B-l was satisfactory.
I C - Mixed Vapors. Knowing the densities of the pure components 
and the composition of each binary mixture, the vapor densities of each 
mixture were calculated. The densities of mixed vapors were used in 
calculating the Schmidt numbers of vapors entering the primary condenser. 
Therefore, in calculating the densities of mixed vapors, the composition 
of vapors entering the primary condenser were used rather than the 
composition of the condensates from the primary condenser. However, as 
shown in Table III, except for a very few cases, the differences between 
the composition of vapor entering the primary condenser and the condensate 
from the primary condenser is less than one mole per cent and very often 
less than 0.5 mole per cent. The calculated vapor densities are shown 
in Table XX and Figure 37 as a function of composition.
II VISCOSITY
II-A Pure Liquids. The viscosity of liquid hydrocarbons is given
TABLE XV 
DENSITIES OF LIQUID AMD VAPOR HIDROCARBORS
Llquide, U>»./Ft.*
To^Mnfeur*
*F. Bonsu* o-H*pt*o* n-B*xaa* ToL mo*
60 SS.B9 1*3.50 1*2.01 55.02
80 55.16 1*2.92 L1.L1 51*.37
100 51*.U* 1*2.33 1*0.78 53.71*
120 53.70 1*1.75 1*0.15 53.09
litO 52.91* 1*1.16 39.1*9 52.1*5
160 52.18 1*0.53 38.79 51.81
180 51.1*1* 39.37 38.20 51.17
200 50.62 39.22 50.53
220 38.55 1*9.89
1*9.25
V^ xira, (Lba./Ft.*) x ID *
D-B«pt*n* n-Haxaa* Tolu«
Lug* C*lc*l«t«d Lug* C*leolatsd C*loul«t*d
0 t. *F. P t ,  *F . p t .  *F . 0 t, *F. 0 t .  *F . P V  T. P
68 20.20 19b 22L.75 68 12.23 68 36.15 191* 362.09 68 7.13
66 31.05 212 293.1*2 86 19.53 212 221*.75 86 51*.U 212 1*66.22 86 11.30
30b 1*6,19 290 37U.58 lob 30.08 230 293.1*2 10b 79.03 230 599.33 10it 17.87
122 66.7b 21*8 1*80.71 122 bb.85 21*8 380.82 122 1 1 2 .X 21*8 71*9.16 122 26.66
3bO 99.90 266 599.33 11(0 61*.99 266 1*86.95 11*0 151*.82 266 936.1*5 ibo 39.10
358 129.0b 261* 736.67 158 91.77 281* 611.61 158 209.39 281* 1167.U* 158 55.86
176 179.66 302 898.99 176 126.58 302 761.61* 176 278.25 302 11*35.89 176 77.91
1* 229.28 191* 171 .X 191* 361.1*7 191* 106.38
212 *97.Sb 212 226.61 212 1*63.17 212 11*2.1*0
8 0 380.00 230 295.23 230 58b.65 230 187.35
2W b78.b6 21*6 378.6? 21*8 727.93 21*8 21*2*1*8
D
EN
SI
TY
 
• 
LB
S 
/F
T
.
0.22
m 0.21
0.20
0.19
0.10
0.17
2010 300 70 too40 30 60 60 90
MOLE PER CENT LOWER BOILING COMPONENT IN VAPOR 
FIGURE 37. DENSITY OF BINARY VAPOR MIXTURES
175
In A.P.I. Project 44 (84). The viscosity data in this project are 
reportedly very accurate. Therefore, no further search of literature 
was made for this property. The data in the A.P.I. Project 44 are given 
in metric units. For this work they were converted to English units.
II-B Pure Vapors. Viscosity for benzene vapor are reported by 
Nasini (70), Titani (102) Uyehara and Watson (108), Craven and Lambert 
(24), and McCoubrey, et al. (63). The data from different sources are 
remarkably close together. Vapor viscosity for n-heptane is reported 
by Melaven and Mack (64) and Lambert and his co-workers (54). The data 
of Melaven and Mack are very old and are about 8 per cent lower than 
those reported by Lambert, et al. Vapor viscosity values for n-hexane 
are reported by Titani (102), McCoubrey, et al. (63), Lambert, et al. (54) 
and recently by Thorne (101). For the given temperature ranges, the 
data of Titani, Lambert, et al., and Thorne checks very closely. 
McCaubrey's data are about 3.5 per cent lower than those by Titani, 
Lambert, et al., and Thorne. Only one set of experimental data was 
found for toluene vapor, that reported by Nasini.
All of the above data were given in metric units. The data were 
converted to the engineering units and are shown in Table XVII.
Since the experimental data for n-heptane and toluene were limited, 
a survay of the literature was made to find a viscosity-temperature 
correlation which would give the most accurate data. The purpose of 
finding such a correlation was to check it against the available 
experimental data for benzene and n-hexane and find out how accurate it 
is. Should an accurate correlation be located, then the viscosity of
176
n-heptane and toluene vapors would be calculated and compared with the 
reported experimental data to see how closely the experimental data 
checks with the correlation.
Among the many viscosity - temperature relationships proposed by 
various investigators (1,8,41-44,57,100) for calculating the gas 
viscosities, the following equation Is reported (8,79) to give viscosity 
data closer to experimental values than any other correlation.
p - 3.33 x 10*3 (M f  J L T B-4
Vc 2/3 e
This is a modification of an equation originally proposed by 
Hirschfelder and his co-workers (41-43). The term €/k which is a
characteristic constant for each gas for 45 common gases are reported
in literature (87, 41-44, 79). For other gases Hirschfelder, et al.,
recommends the approximate estimation of e/k by the following empirical 
relationships:
€/k - 0.75 Tc = 1.33 Tr B-5
6/k - 1.39 Tb B-6
In a later work the authors (44) revised the constants 0.75 and 
1.39 in the above equations to 0.77 and 1.15, respectively. Reportedly 
(8,44) Equation B-5 is preferable to Equation B-6.
Recently Reid and Sherwood (79) compared the experimental viscosity 
data for 31 non-organic, organic, and hydrocarbon vapors, with calculated 
values using Equation B-4, and other viscosity-temperature relationships 
available in llteraaure. They found out that for the 31 gases compared,
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the data calculated by Equation B-4 deviated about 3 per cent from 
experimental data, as compared to 5 to 6 per cent deviation obtained 
when using other correlations (1,8,37), Among the many gases they 
compared the experimental data with the calculated data are benzene, 
n-hexane, and toluene which are of interest in this work. The 
experimental viscosity data for these hydrocarbons are compared with 
tfn calculated values in Table XVI. The comparison shows that Bromley 
and Wilke (8) correlation, Equation B-4, gives less per cent error than 
the other correlations.
Based on this review, Equation B-4 was used to calculate the vapor 
viscosities of benzene, n-heptane, n-hexane, and toluene. It was mentioned 
before that in a later work Hirschfelder et al., (44) revised the constant 
0.75 in Equation B-5 to 0.77. Using this new constant would give a 
factor of 0.003376 for Equation B-4, rather than 0.003330, as proposed 
by Bromley and Wilke. The new factor 0.003376 was used in calculating 
the vapor viscosities. The calculated viscosities are shown in Table XVII. 
The data for benzene was found to be remarkably close to the experimental 
data by various investigators and indicated the accuracy of the equation. 
The calculated data for n-hexane were very close to Lambert, et al.,
(54) and fell on the same line with Thorne (101) and Titani (102) data.
The calculated data for n-heptane differed by less than 0.3 of a per 
cent from those reported by Lambert, et al. The experimental data for 
toluene vapor by Nasini (70) were 2.3 per cent greater than the calculated 
data. The deviation being so small, it was preferred to use the 
experimental rather than calculated data, as it was done for benzene,
TABLE XVI
COMPARISON BETWEEN CALCULATED ANT 
EUERDCBTAL VA1HES or GAS viscositt
Valuer of Vi eeoeity in Centlpdaea z 100
Valuea Calculated By Methods Of
Broaley and Wilke (10)
Hydrocarbon
Te^ jarature,
*c .
ntperiamtal 
Vi scoeity Lieht and steehert (57) Arnold (1) Eouatlcn B -  1*
Eouatlon 19 In 
Reference (6)
Calculated Error 2 Calculated
i
Error Calculated
r  % 
Error Calculated
t
Error
Bmaam 20.0 0.71*6 0.738 -1 .0 0.697 -6 .6 0.716 0 0.755 ♦1.2
77.8 0.870 0.896 ♦3.0 0.853 -2 .0 0.9Q1 ♦3.5 0.911 ♦4.7
1S0.0 1.070 1.088 ♦1.7 1.01*1* -2 .4 1.082 ♦1.1 1.098 ♦2.6
Average
250.0 1.311 1.3L2 ♦2.1*
2.0
1.300 -0 .8
3.0
1.338 ♦2.1
1.7
1.350 ♦3.0
2.9
n-Harane 35.0 0.709 0.665 ■6.2 0.619 -13 .0 0.693 -2 .3 0.673 -5 .1
77.8 0.795 0.762 -1.2 0.715 -10.0 0.793 -0 .3 0.770 -3 .2
150.0 0.931 0.925 -1 .0 0.870 -6 .9 0.958 ♦2.6 0.930 -O j*
Average
225.0 1.098 1.079 -1 .7
3.3
1.027 -6 .5
9.1
1.122 ♦2.2
1.9
1.089 -0 .8
2 J*
Toluene 60.0 0.789 0.770 -2 j* 0.726 -7 .9 0.791 ♦0.3 0.786 -oJ*
150.0 1.008 0.093 -1 .1 0.91*8 -5 .9 1.011 ♦0.3 1.005 -0 .3
250.0 1.227 1.230 ♦0.2
1.3
1.181 -3 .7
5.8
1.2L7 ♦1.6
0.7
1.21*0 ♦1.0
0.6
^ Courtesr o f "The Properties o f Oasee ard Liquids" by Raid and Sheraood (79), copyright 1958, HcGraa-Hl 11 Bock Cotapmy.
2 ^ _ calculated -  experimental
t Error -  --------------------------------------------  x 100
experimental
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TABLE XVII 
ra o o a iT iH  o r liq u id  u tb  tam »  B m a u u o m
D a li* t U aa id a , ( I f ta ./ fe . 9 1 .) t  ID * 
Vapor*, (L b a ./l* . f t . )  *  ID *
C rm a  k  T iD in  Ito C ta ta  U o la l V it a l  O n * at *  *  MoUao
». *9 . a *, a %, *8 . a t ,  *8 . a », *V. a t,  *9 . a * . *v . a
to 1,97$ 170 115.1 95 191.6 72 180.2 60 178.1 $6 178.6 I l l 289.2
60 1,660 ito 116.1 188 100.6 189 tofc.e 106 19b. 1 182 182.1 322 267.9
to 1,125 190 881.1 11,9 107.9 218 830.7 213 287.7 266 2b9.5 111 306.3
100 1,816 KB 185.8 171 210.5 171 869,2 301 259.9 382 268.6 $36 339.7
180 1,070 110 189.1 18S 222.6 352 271.5 387 281.6 382 289.9 595 359.1
ito 9Ui 180 232.6 1*79 316.8 1*86 325.0
160 8to 110 836.0 595 359.1
ito 7$8
I I  s -W T M B  IH
Topor
P a in  la ta  IoP iii 1. a t a l.  R a im a  k  Raok C a la a la ta
t ,  *8 . a » , *V . 0 >, ‘ V. a i ,  •> . M %, ‘ V. a t ,  ‘ V. a >, T .  a
S I ,  SOT ITO 176.8 169 IT S .3 213 173.5 1)0 1,756 200 m . l  1 U  190.91,061 180 179.6 162 175.2 301 197.V to  1,903 110 196.8 805 813.8
lo  M  1)0  182.6 1T6 1TV.S 396 223.1 to  1,30? MO 197.0 305 266.9
100 81,7 SOO 185.5 195 183.7 1*05 161.1 100 1,153 n o  800.1 3®  K 8 .1
180 761 21D 188.2 110 1,01$ * 0  103.1 683 196.1
13£ 694, HO 191.2 13*) 91* 890 806.0
180 612 230 198.1 160 810 860 109.8
180 576 260 197.0 180 753 890 112.0
100 511 200 *6? 8*0 218.9
210 610 890 217.9
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n-heptane, and n-hexane.
II C - Mixed Vapors. Based on modern molecular theory, Hirschfelder 
and several co-authors (41-44) have developed relations for calculation 
of viscosity of non-polar gas mixtures at low pressure. These relations 
are based on quantitative evaluation of lntermolecular forces and the 
use of collision integrals. The relations reproduce the experimental 
data with high degree of precision; however, they are quite complicated 
and cumbersome to use. Less complex, though less accurate, relation is 
given by Buddenbt rg and Wilke (15) which later was modified by Wilke (114) 
This equation is presented
Pi P2
B-7
y?  y i
1 4- -- ^1? 1 +   ^21
yi 11 yz
0.5
-f 1 + j (pj/^2) (p2/pi)[ (Mj/M2) * T
9 ± B-8
12 r 0.5
(4A/2) (1 + M 1/M2)
Here p, p, y, and M are viscosity, density, mole fraction, and 
molecular weight. Subscripts 1 and 2 refer to components 1 and 2. To 
obtain 0 ^  the subscripts are interchanged.
Wilke compared 17 sets of experimental data for binary systems with 
those calculated with Equation B-7 and reports the equation deviated an 
average of less than 1 per cent from the experimental data. He also 
extended these relations for multicomponent mixtures and found these 
relations to represent data on viscosities of a variety of multicomponent
20 30 40 30 60 70 60
MOLE PER CENT LOWER BOILING COMPONENT IN VAPOR
FIGURE 38. VISCOSITY OF BINARY VAPOR MIXTURES
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gas mixtures with an average deviation of less than two per cent.
The viscosities of the binary mixtures for benzene-n-heptane, 
n-heptane-toluene, and n-hexane-toluene systems were calculated by 
using Equation B-7. For each binary mixture, the vapor compositions 
were taken as the average composition of the incoming vapors to the 
primary condenser.
The calculated viscosity data are shown in Table XX and are plotted 
as a function of composition of incoming vapor to the primary condenser. 
As Figure 38 shows, the lines of viscosity against composition have 
slight curvature and surprisingly in each case the curvature of the line 
starts when vapor composition is predominantly aromatic. It is very 
doubtful if this is of any significance. The maximum per cent deviations 
from straight line are +1.97, +1.43, and -2.06 per cents for benzene-n- 
heptane, n-heptane-toluene, and n-hexane-toluene systems, respectively.
H I  VAPOR DISSUFION COEFFICIENTS 
Wilke and Lee (115) have reviewed critically the existing methods 
for estimating the diffusion coefficients of gases and vapors. The 
authors have compared the experimental data with correlations presented 
by Arnold (1), Gilliland (37), and Hirschfelder and his co-authors 
(41-44). Bird (5) has presented a comprehensive study and review on 
theory of diffusion. Recently Reid and Sherwood (79) reviewed the 
correlations presented by the above authors as well as an empirical 
equation by Slattery and Bird (96) and tested each of the equations by 
comparison with experimental data.
Comparing experimental data with those obtained from Arnold,
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Gilliland, and Hirschfelder, et al., correlations Wilke and Lee concluded 
that Hirschfelder, et al.t correlation would give the most accurate 
diffusion data for pairs of non-polar gases. This equation is expressed
*8 0.5
,4 ( ht + h '
D - 9.2916 x 10  1----- B-9
v
2
P (°i2) f (k T/€12)
Hirschfelder, et al., (41) point out that the force constants a and 
€/k are best obtained from viscosity data; the values obtained in this 
manner for a variety of gases are listed in references (8,41-44, 79,
115). It was pointed out in Section II-B that €/k for other gases may 
be estimated from either Equation 5-B or 6-B.
The term o may be estimated from the following empirical relationship
(47).
l/3o - 0.833 V B-10c
For a binary system, Is taken as the arithetic mean of , and
a  ^ and 6 ^  as the geometric mean of and €^*
Oi + Oi
a - ---- £- B-ll
12 2
0.5
€ 12 "  (®1 +  € 2 ) 8-12
Wilke and Lee (115) compared 64 sets of selected experimental data 
with the calculated values from Arnold, Gilliland, and Hirschfelder 
equations. The average and maximum per cent deviations from experimental
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data for these equations are tabulated below:
Per Cent Deviation
Method Average Maximum
Arnold 8.4 20.5
Gilliland 20.0 46.8
Hirschfelder 
(c and €/k from 
viscosity data)
7.0 21.4
The authors also found that the average and maximum per cent error 
in Hirschfelder equation can be reduced from 7 and 21.4 to 3.9 and 16.0 
per cents, respectively, if the constant 9.2916 in Equation B-9 be 
replaced with
error in the original reference (115) , where it is proposed the constant
Reid and Sherwood (79) compared and evaluated the several methods 
of estimating diffusion coefficients with 80 sets of experimental data, 
accumulated from a variety of sources, for different binary gas systems. 
They compared the experimental data with Arnold, Gilliland, Hirschfelder-- 
where the force constants were determined from viscosity data and from 
empirical equations--and Slattery and Bird equations. The authors 
tabulated DVP from experimental data against those calculated with above 
equations. The term DvP is the product of in square centimeters per 
second and pressure in atmospheres. Their average and maximum per cent
10.7 - 2.46 B-l 3
where M^ and M 2 are molecular weights of the components. There is an
9.2916 x 10 -4 be replaced by Equation B-13.
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deviations from experimental for correlations proposed by various authors
is given below:
Method of Per Cent Deviation From
Calculating Experimental Data________
Diffusion
Coefficients_______________  Average Minimum
Arnold 11 41
Gilliland 16 82
Hirschfelder 
Force constants from
viscosity data 6 19
Force constants
estimated 10 33
Slattery and Bird 10 45
It is noticeable from the preceding tables that the most erratic 
is Gilliland equation. Arnold, Hirschfelder--when the force constants 
are estimated--and Slattery and Bird equations have about the same 
average per cent error. It is evident that Hirschfelder equation, when 
the force constants are determined from viscosity data, is the most 
accurate of all others.
Upon this basis, Hirschfelder equation was used to calculate the 
diffusion coefficients for the three binary systems tested in this 
Investigation. The correction factor, Equation B-13, proposed by 
Wilke and Lee was Introduced in these calculations. For the three 
binary systems under study, the magnitude of Equation B-13 as compared 
to the constant 9.2916 given by Hirschfelder is small, as shown below:
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Binary System 
Benzene-n-heptane
Magnitude of 
Equation B-13
Ratio of 
Equation B-13 
to 9.2916
10.3287 1.1116
n-heptane-toluene 10.3450 1.1133
n-hexane-toluene 10.3314 1.1119
As the tabulated ratios show, the Wilke and Lee correction factor would 
Increase the diffusion coefficients calculated by Equation B-9 about 11 
per cent. The calculated diffusion coefficients for the three binary 
systems are shown in Table XX.
Knowing the required properties for each binary vapor mixture, the
0.56
Schmidt numbers and (Sc) were calculated. These are tabulated in
V-A Pure Liquids. Experimentally determined specific heat at 
constant pressure for benzene and toluene are reported by Burlew (16). 
Data for n-hexane are given by Douslin (27), and Connolly, et al. (23), 
and for n-heptane by Helfrey, et al. (39) and Douglas, et al. (26). 
Sakiadls and Coates (88,89) have presented two methods to calculate 
specific heat of liquids. In their first method the authors presented 
a theoretical equation for predicting the specific heat at constant 
volume and constant pressure of organic liquids as a function of 
temperature from the data on the velocity of sound, infrared and Raman 
spectra. Using this correlation the authors found that the average and
XV SCHMIDT NUMBERS
Table XX
V SPECIFIC HEAT
187
maximum deviations for 100 organic liquids at 68°F were 1.5 and +4.0 
per cents, respectively. Deviations for seven organic liquids at a 
total of 50 temperatures, ranging from -184°F to 266°F> were 2.44 
per cent average and +7.7 per cent maximum. Agreement was best at 
high temperatures.
The second method of Sakladls and Coates, which was developed for 
hydrocarbon liquids, is based on a modified statement of the theory of 
corresponding states. The correlation developed by this method was 
tested by the authors against experimental data for 100 points representing 
a wide temperature range. The average and maximum deviations were found 
to be 0.9 and -2.7 per cents, respectively.
For this work the specific heat of liquid benzene, n-heptane, 
n-hexane, and toluene were calculated by the second method of Sakladls 
and Coates. The calculated data weie compared w*fh the experimental 
data reported earlier. In all cases the data determined by Sakladls 
and Coates' method were found to be remarkable close to the experimental 
data, with the maximum deviation being less than two per cent. All of 
these data are summarized in Table XVI11 and shown graphically in 
Figures 39 through 42.
Several other methods for predicting the specific heat of liquids 
are available in literature. These methods, as reviewed by Gambill (34) 
and Reid and Sherwood (79), are less accurate than Sakladls and Coates' 
methods; therefore, these methods were not reviewed.
V-B Pure Vapors. The vapor specific heat at one atmosphere for 
benzene are reported by Scott, et al. (93), Montgomery (66), and Pitzer (74).
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Waddlngton, et al. (Ill) determined specific heat at one atmosphere for 
n-heptane, and Waddington and Douslin (112) determined the atmospheric 
specific heat for n-hexane. Meager data of Montgomery (only at two 
temperatures) (66) and Pitzer (74) data (three points at different 
pressures) are the only experimental data available for toluene vapors. 
Specific heat data at zero pressure, ideal gas state, for the four 
hydrocarbons used in this investigation are also given by Rossini (84) 
in A. P. I. Project 44. These data are also summarized in Table XVIII 
and shown graphically in Figures 39 through 42.
The data for benzene by Scott, et al., Montgomery, and Pitzer are 
very close to each other and as shown in Figure 39 they all fall on the 
same line or are very close to it. The data of Montgomery and Pitzer 
for toluene vapor are scattered. The main reason is that two out of 
three points by Pitzer were determined at pressures lower than one 
atmosphere. Being uncertain about which data to use, it was decided 
to use Edmister (29) method, calculate the specific heat for vapor 
toluene at one atmosphere and compare the calculated data with those 
of Montgomery and Pitzer. The two points by Montgomery are about 2 
per cent higher than Edmister data. Pitzer data at one atmosphere 
fall on the Edmister plot of specific heat versus temperature and 
the other two points, at 0.53 and 0.22 atmospheres deviate only 0.2 
and 0.8 per cents, respectively, from Edmister data. On this basis 
Montgomery data for toluene vapor were not used in this project.
Rossini data at zero pressure, for the four hydrocarbons, are 
slightly lower than the data reported for atmospheric pressure. The
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maximum difference between zero and atmospheric pressure specific heats 
of the four hydrocarbons is less than 3 per cent - for n-hexane. This 
indicates that in the absence of experimental data at one atmosphere, 
the vapor specific heats at zero pressure, as are given in A.P.I. Project 
44, can be used without any serious error.
V-C Specific Heat of Vapor Mixtures. The specific heat for the
four mixtures in each of the three binary systems studied were calculated. 
These data are summarized in Table XX and are shown graphically as a 
function of composition in Figure 43. For each system the plot of 
specific heat versus composition deviated slightly from a straight line 
relationship. In the same manner as viscosity of vapor mixtures, the 
deviation from straight line occurred when the composition of the vapor 
was predominantly aromatic. The maximum deviation from straight line 
was -5.6 per cent for benzene-n-heptane, +1.8 per cent for n-heptane- 
toluene, and + 1 .0 per cent for n-hexane-toluene system.
VI THERMAL CONDUCTIVITY
VI-A Pure Liquids. Based on a comprehensive literature survey 
(85,86) on thermal conductivity of liquids and their own experimental 
data, Sakladls and Coates (87,90) have presented two fairly complex 
methods for predicting the thermal conductivity of liquids. These 
methods are presented and discussed in great detail by the authors and 
reviewed by Gamblll (32) and Reid and Sherwood (79). Of the two methods, 
one is based on a model of the liquid state in which the molecules are 
assumed to be oriented in isothermal chain which transfer energy (heat) 
through interactions with other chains not in their isothermal surface.
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The resulting equation was tested by the authors on 42 liquids. The 
average and maximum deviations of the calculated from observed data 
were 2.0 and -7.4 per cents. The second method proposed by the authors 
Is based on the theorem of corresponding states. The equation developed 
from this method was also tested by the authors both with respect to 
thermal conductivity and its temperature coefficients for 47 liquids.
The average and maximum deviations of the correlation from their 
experimental data were 1.5 and +6 .6  per cents, respectively.
Reid and Sherwood (79) compared accumulated experimental data with 
Sakladls and Coates correlations as well as relationships proposed by 
other investigators. Their comparison indicated that the method of 
Sakladls and Coates, based on the theorem of corresponding states showed 
the lowest average per cent deviation of 12 per cent, as compared to 13 
to 20 per cents determined by other methods. Reid and Sherwood also 
recommend the Sakladls and Coates methods for estimating the thermal 
conductivity of liquids.
Based on Sakladls and Coates recommendation, and long before Reid 
and Sherwood recommendation was published, the author calculated, based 
on method employing the theorem of corresponding states, the thermal 
conductivity of the liquid hydrocarbons used in this Investigation.
These data are summarized in Table XIX.
VI-B Pure Vapors. Literature offers few data on thermal conductivity 
of pure hydrocarbon vapors. McAdams (62) reports the data of Moser (67) 
for benzene and only at two temperatures for n-heptane. Lamber, et al., 
(54) report data for benzene at two temperatures. Moser data for benzene
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is also reported by Bromley (11,12). Vines and Bennett (109) determined 
thermal conductivity for benzene and n-hexane. It is reported by Vines 
and Bennett that their experimental data for the two hydrocarbons and 
29 other polar and nonpolar vapors are accurate to + 1 per cent. The 
data by various authors are summarized in Table XIX. No data could be 
found for toluene vapor. For benzene vapor Moser data are about 8 per 
cent and Lambert, et al., data are less than 2 per cent greater than 
those reported by Vines and Bennett.
Generalized charts, based on reduced temperature and pressure, for 
thermal conductivity of gases are prepared by Gamson (36) and Grant (38). 
These generalized charts may be useful for high pressure-high temperature 
conditions. However; the reduced pressure parameters used in these charts 
were not in a low enough range to be useful in this work. Moreover, it 
is indicated the reliability of the charts is ± 13 per cent. For this 
type of accuracy, it is much simpler to use a simplified equation (as 
will be shown later) to determine the thermal conductivity directly, 
without any need for reduced temperature or pressure calculation.
In the absence of any experimental data for toluene vapor and lack 
of sufficient data on n-heptane vapor, a study was undertaken to find a 
method for calculating the thermal conductivity of organic vapors. Of 
the many correlations presented in literature (11,12,18,31,41-44,61) 
for calculating the thermal conductivity of gases and vapors at low 
pressure, reportedly (33,79) the complex equations presented bv Bromley 
(1 1,12) would yield slightly better accuracy than other correlations. 
However, time required for evaluating or estimating many physical
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properties of the compounds and/or the various factors involved In his 
equations do not justify its use for many engineering applications. 
Therefore, a much simpler though less accurate equation that was developed 
by Maxwell (61) and corrected by Encken (31) was used for estimating 
the thermal conductivity of the hydrocarbons used in this investigation. 
This equation is presented (33,79) as
where all properties are in engineering units. It is reported (33) that 
Equation B-14 is applicable with a fair degree of accuracy to any gas 
at moderate or high temperature, and especially in the 100-1000 mm. 
mercury range.
The thermal conductivity of benzene, n-heptane, n-hexane, and toluene 
were calculated with using Equation B-14. These are summarized in 
Table XIX. The calculated data tor benzene, n-htxane, and n-heptane were 
14.3, 13.8, and 13.3 per cents lower, respectively, than those reported 
by Vines and Bennett (109) for benzene and n-hexane, and Moser (67) for 
n-heptane. Vines and Bennett data for benzene and n-hexane, Moser data 
for n-heptane, and the calculated data for toluene were used in subsequent 
calculations.
VI-C Vapor Mixtures. According to Gambill (33) and Reid and Sherwood 
(79) the most accurate method of calculating the thermal conductivity of 
vapor mixtures available today is that of Lindsay and Bromley (58). Their 
correlation for binary vapor mixtures is:
B-14
+ B-15
> + (*21 >
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where y^ , y2 are mole fractions of components; and given as
2
0. 5 \1 + a ) b B -16
0.75
'1l h ! l \M2 J \1 + S2/T/ B-17
b -
i + s ^2/t
B-18
1 + S1/T
Here p, M and S are respectively, viscosity, molecular weight, and
the geometric mean of and 8 2 * Subscripts 1 and 2 refer to components 
1 and 2. To obtain A2  ^ the subscripts are interchanged.
The calculation of Sutherland constants from theory in a rigorously 
accurate manner has not yet been accomplished; Enskog (30) has given a 
relation between S and the law force of intermolecular attraction. The 
most generally useful relation is one originally due to Sutherland (99), 
later put forward more clearly by Vogel (110); Vogel's equation is
Since S is a measure of the intermolecular potential energy, which in 
turn determine the ease of vaporization, such a relation appears quite 
logical. The equation is believed to have a maximum error of ± 10 per 
cent.
Lindsay and Bromley (58) compared their equation with experimental 
thermal conductivity for 85 binary mixtures. The average and maximum
Sutherland's constant. T is the absolute temperature in °K and S i-3
S - 1.47 T.b B-19
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per cent deviations from experimental data for these mixtures were 1.9 
and +7.3 per cents, respectively.
The thermal conductivity of the binary mixtures for benzene-n- 
heptane, n-heptane-toluene, n-hexane-toluene systems were calculated, 
using B-15 through B-19. The calculated data are summarized in Table XX 
and are shown in Figure 44 as a function of vapor composition incoming 
to the primary condenser. In the same manner as for the viscosity and 
specific heat of the binary systems, the lines have slight curvature 
and again, in each case the curvature of the line starts when the vapor 
composition is predominantly aromatic. The maximum per cent deviations 
from straight lines are +3.6, -1.3, and +8.12 per cents for benzene-n- 
heptane, n-heptane-toluene, and n-hexane-toluene, respectively.
VII PRANDTL NUMBER OF VAPOR MIXTURES
Knowing the specific heat, viscosity, and the thermal conductivity
0.56
of each vapor mixture, the Prandtl number and (Pr) for the vapor
mixtures were calculated. These data are summarized in Table XX.
VIII NUSSELT'S PHYSICAL PROPERTY GROUP 
This factor is needed in order to calculate the theoretical film 
coefficient of condensing pure vapors. Therefore, at a series of assumed 
film temperature the factor was calculated for each hydrocarbon. These 
factors are presented in Table XXI and Figure 45.
IX MASS AND HEAT TRANSFER FACTOR 
For flow of vapors transverse to cylinder, Treybal (106) has presented 
a plot of mass and heat transfer factor as a function of vapor Reynolds
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TABLE XXI
1 / 3
NUSSELT PhYSICAL PROPERTY GROUP 4> - ( -Lfj - 8 j
OF THE HYDROCARBONS
Temperature Benzene Toluene n-Heptane n-Hexane 
°F.
120 8 5 7 . 0 7 48 . 0 8 2 2 . 5
130 869 . 7 7 54 . 2 8 2 5 . 5
140 8 8 3 . 0 8 7 0 . 0 7 59 . 4 827 .8
150 8 9 5 . 0 8 82 . 5 763 . 5 8 2 9 . 8
160 9 0 7 . 9 8 92 . 5 7 68 . 5
170 9 2 0 . 5 9 0 0 . 6 7 73 . 0
180 9 0 8 . 2 7 77 .0
190 9 1 5 . 8 781 . 0
200 9 2 3 . 5 781 . 5
210 9 3 1 . 2
220 938.  7
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number. This Is line No. 3, Figure 3.11 of Mass Transfer Operations 
(106). The line which is reproduced on Figure 46, is a straight line 
on log-log paper and can be represented by the following equation
- 0.413
J = 0.3116 (Re. No.) B-20
X VAPOR-LIQUID EQUILIBRIUM DATA 
Many references (7,14,40,68,83,43,47) are available in literature 
for vapor-liquid equilibrium data for binary mixtures of paraffins and 
aromatic hydrocarbons. With minor exceptions, the experimental data 
of various investigators were found to be very close to each other.
For this work, the more recent data of Myers (68,69) for benzene-n- 
heptane and n-hexane-toluen^ and the Rose, et al. (83) data for n-heptane- 
toluene systems were used. These data are shown in Table XXII.
XI ENTHALPY-CONCENTRATION DIAGRAMS 
These diagrams were needed to determine the latent of condensation 
of the binary systems. The diagrams were constructed according to 
Dodge (25). Since specific heats tor these mixtures Were not available, 
an average value was calculated using mole, per cent as basis. Latent 
heat of vaporization of pure hydrocarbons was taken from A.P.I. Project 
44. Heats of mixing of benzene-n-heptane are given by Brown, et al.
(13) at 20UC. and by Brown and Ewald (14) at 70°C. Mathieson and Thynne 
(60) report data for n-heptane-toluene and n-hexane-toluene systems 
20tC. Tsao and Smith (107) report data for n-heptane-toluene system at 
20°C. Schnaible, et al. (92) report data for n-heptane-benzene and n- 
heptant-toluene systems at 25°C. Each of the above reports contain
TABLE XXII
VAPOR-LIQUID EQUILIBRIUM DATA FOR BINARY MIXTURES AT ONE ATMOSPHERE
Bensene - n-Heptane System
Mole Per Cent Temperature
Benzene
Liquid Vapor •P.
0 0 209.2
6.0 11.9 205.3
11.9 22.1 201.8
19.8 33.7 197.4
26.7 41.7 194.1
35.0 50.6 190.5
46.7 61.4 186.1
58.4 70.0 182.6
63.9 74.1 181.7
76.3 82.3 179.1
89.5 91.5 177.2
95.7 96.2 176.6
98.6 98.7 176.4
100.0 100.0 176.2
n-Heptane-Toluene Syiti n-Hexane-Toluene Syst<
Mole Per Cent 
n-Heptane
Temperature Mole Per Cent 
n-Hexane
Temperature
Liquid Vapor •F. Liquid Vapor •f .
0 0 231.1 0 0 231.2
10 16.60 225.9 4.0 15.0 222.9
20 29.40 222.1 16.9 44.7 204.2
30 40.05 219.0 27.2 58.9 193.9
40 49.70 216.7 36.9 68.2 186.0
50 58.25 214.7 43.7 73.3 181.0
60 66.40 213.1 50.1 77.2 177.2
70 74.40 211.7 62.8 84.0 170.9
80 82.75 210.6 71.3 88.3 167.0
90 91.20 209.8 79.4 91.7 162.9
100 100.00 209.2 88.2 95.5 159.5
96.2 98.6 156.6
100.0 100.0 155.4
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heats of mixing data for many other binary and ternary systems. Although 
the above dftta for each binary system is given at a different temperature, 
they were found to closely check each other on a comparative temperature 
basis. All the data except those of Tsao and Smith (107) were published 
recently and the selection of the data were based upon its availability 
at the time of constructing the enthalpy-concentration diagram for each 
system. The selected data are reported in Table XXIII.
The calculated enthalpy-concentration data for the three binary 
systems are shown In Table XXIV.
XII CALIBRATION CURVE FOR ANALYSIS OF SAMPLES 
A calibration curve was constructed for each binary system so that 
the composition of samples taken during the experiment could be 
determined. To construct the calibration curves, the refractive indices 
of the pure hydrocarbons and ten known mixtures for each binary system 
were measured at 25°C. with a Bauch and Lomb Precision Refractometer, 
Model 33-45-01. The data are reported in Table XXV.
210
TABLE XXIII
HEATS OF MIXING FOR BINARY SYSTEMS AT ONE ATMOSPHERE
Benzene-n-Heptane at 70°C. 
n-Heptane-Toluene at 25°C. 
n-Hexane-Toluene at 20°C.
(Units: Btu/Lb.-Mo1e)
Mole Fraction of the Benzene- n-Heptane- n-Hexane-
More Volatile Component n-Heptane Toluene Toluene
in the System System System System
0 . 1 9 0 . 9 9 9 2 . 2 4 7 2 . 4 5
0 . 2 1 7 1 . 6 3 1 7 5 . 6 0 1 2 6 . 6 2
0 . 3 2 3 9 . 4 4 195 .  70 1 6 4 . 7 8
0 . 4 2 9 1 . 2 6 2 1 4 . 1 7 1 8 8 . 3 7
0 . 5 3 2 3 . 2 1 2 1 5 . 6 2 1 9 8 . 0 0
0 . 6 3 3 0 . 7 0 2 0 0 . 7 0 191 . 79
0 . 7 3 0 8 . 4 7 1 7 1 . 3 8 1 6 7 . 8 6
0 . 8 2 5 0 . 5 0 1 2 8 . 2 5 1 2 6 . 8 2
0 . 9 150.  16 7 1 . 3 6 7 0 . 1 1
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TABLE XXIV
ENTHALPY-CONCENTRATION DATA FOR BINARY SYSTEMS AT ONE ATMOSPHERE
(Unit?: Btu/Lb.)
Mole Fraction of the Benzene- n-Heptane- n-Hexane-
More Volatile n-Heptane Toluene Toluene
Component In System System System
the System    — ------------
h h h h h h
1 g 1 g 1 g
0 . 0 9 9 . 5 0 235.5 87 . 89 244 . 2 8 7 . 0 6 2 4 3 . 3
0 .1 9 2 .86 234 . 5 87 . 66 244 . 5 8 0 . 0 4 245 . 0
0 . 2 86 . 96 2 33.5 87 . 87 243 . 0 75 . 62 2 4 2 . 0
0 . 3 8 2 . 0 3 233 . 0 8 8 . 52 241 . 5 72.59 239 . 2
0 . 4 76 . 74 2 32 . 0 8 9 . 5  3 240 . 5 70.87 2 36.0
0 . 5 72.75 231 . 5 9 0 . 72 2 39 . 5 6 9 . 6 3 2 3 3 . 0
0 . 6 6 9 . 2 5 230 . 5 9 2 . 1 0 238 . 5 6 8 . 8 2 2 29 . 5
0 . 7 6 6 . 26 230 . 0 9 3 . 6 4 237 . 5 6 8 . 2 3 226 . 5
0 . 8 6 3 . 8 8 2 30 . 0 9 5 . 4 8 237 . 0 6 7 . 8 0 223 . 5
0 . 9 6 2 , 4 5 2 30 . 0 9 7 . 4 7 236 . 5 6 7 . 8 6 2 20 . 0
1 . 0 61 . 7 8 231.1 9 9 . 3 5 235 , 5 6 8 . 7 2 212 . 7
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TABLE XXV
REFRACTIVE INDEX CALIBRATION DATA FOR THE BINARY SYSTEMS
TEMPERATURE 25“C.
Benzene-n-Heptane n-Heptane-Toluene n-Hexane-Toluene
System System System
Mole Per Cent 25 Mole Per Cent 25 Mole Per Cent 25
Benzene ^  n-Heptane N^ n-Hexane
0 1.38558 0 1.49214 0 1.49214
7.22 1.39012 7.69 1.47870 10.30 1.47691
16.58 1.39666 15.24 1.46894 17.16 1.46748
25.32 1.40321 22.78 1.45919 25.56 1.45624
32.67 1.40898 32.61 1.44650 35.17 1.44375
45.34 1.42073 41.04 1.43760 44.39 1.43229
57.09 1.43229 51.53 1.42625 54.38 1.42041
67.48 1.44464 63.87 1.41461 65.62 1.40799
77.22 1.45797 73.34 1.40603 76.34 1.39607
85.28 1.47039 84.31 1.39689 87.21 1.38482
92.30 1.48194 91.24 1.39125 91.81 1.38017
100.00 1.49744 100.00 1.38558 100.00 1.37225
APPENDIX C 
SAMPLE CALCULATIONS 
I - HEAT TRANSFER CALCULATIONS FOR PURE HYDROCARBONS
The following sample calculations are made for Test No. 2 of pure 
benzene series.
I - A. Experimental Condensing Film Coefficient of Heat Transfer. The 
experimental heat transfer coefficient was calculated by the Newton's 
equation
h - q/A AT 
q - W ' >,
1-C
2-C
AT - T - T (Average) 
V W
3-C
Latent heat of condensation for benzene * 169.34 Btu/Lb
W - 948.4
Gms. 60 Mins.
  x -------- X
Lb.
-  125 . 45  Lbs / Hr .
Min. Hr. 453.6 Gms.
q - 125.45
Lbs
Hr.
x 169.34 * 21,244 Btu/Hr.
Lb.
A
3.908 28
n DL * 3.14 x -----  x — * 2.386 Ft . 2
AT - 177.3 - 140.5 « 36.8°F.
Substituting the above figures in Equation l-C and solving for h,
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I - B. Theoretical Condensing Film Coefficient of Heat Transfer. The 
theoretical coefficient is calculated in the following manner
1/3
h - 1.51 4 > / ( 4 r / u f ) 4-C
3 2 W 3
where 4> * (k^ g/u^2) 5-C
All the physical properties are determined at the film temperature
T , where 
F
T - T - 0.75 (T - T ) 6-C
F V V W
T - 177.3 - 0.75 (177.3 - 140.5) - 149.7°F, 
F
From Figure 45, $ was read at 149.7°F. to be 894.7. 
The Reynolds number of condensate is
, , 948.4 Gms. 60 Min. Lb. ”!
4 | ----------  x--------  x ----------
i V -  Min. Hr. 453.6 Gms. J
ZL . ------------------------------------------- - 241
28
Y 2 Ft* x 2.42 (0.368 centlposies)
2 a
h - 1.51 (894.7) / (241) » 217 Btu/Hr. Ft. °F.
h/$, Experimental ■ 242/894.7 ■ 0.270 
h/$, Theoretical ■ 217/894.7 ■ 0.243
I - C. Rohsenow's Correction Factor to Condensing Film-Coefficient of 
Heat Transfer for Pure Hydrocarbons. First the value of
215
C AT/\, 7-C
Is calculated to see If It is less 0 .2
T - 149.7°F. C - 0.4470 Btu/lb.
F pf
AT - 36.8°F. \ - 169.34 Btu/lb.
C AT/\ - 0.4470 (36.8)/169.34 - 0.097 
Pf
Since this is smaller than 0.2, the following correction is applied 
K - \ + 3/8 (AT C ) 8-C
K - 169.34 + 3/8 (36.8 x 0.4470) - 175.5
Lb.
* 1 0.25
h - h (X, / \ )  9-C
m
0.25 Btu
h « 217 (175.5/169.34) - 218.9 B
■
m Hr. Ft . 2 °F.
Ah - h' - h 10-C
m m m
A h  - 218.9 - 217 - 1.9 Btu
m Hr. Ft . 2 °F.
II - HEAT TRANSFER CALCULATIONS FOR MIXED HYDROCARBONS
The following sample calculations are made for Test No. 1 of series
216
A, for benzene-n-heptane system where the composition of the primary 
condensate is 82.5 mole per cent benzene in n-heptane.
II - A. Material Balance and Composition of Vapor Entering the Primary
Condenser. Let W represent the rate of condensation in the primary
condenser in Gms./Min. represents the rate of condensation in the
auxiliary condenser in Gms./Min. Then total vapor entering the primary
condenser, W^, is the sum of W and
Let y and Y represent the mole per cent and weight per cent,
A1 A1
respectively, of benzene in vapor entering the primary condenser, y
A 2
and Y represent the mole per cent and weight per cent of benzene in
vapor leaving the primary condenser, y is also equal to x , mole per
A2 A2
cent of benzene in the condensate from the auxiliary condenser. Therefore,
Y is equal to X , weight per cent benzene in auxiliary condensate.
A2 A2
Let x and X represent mole per cent and weight per cent, respectively,
A A
of benzene in the primary condensate. Let also the ratio of W/W^ be 
represented by R.
W - U + W ll-c
1 2
W/W2 - R or W - W2 R 12-C
W - W (R + 1) 13-C
1 2
Then, material balance for benzene is:
YA1 <V - XA (W) + YA2 <V 14-°
217
Substituting Equations 12-C and 13-C in the above equation and simplifying 
would give
Y (R + 1) - Y + R (X ) 15-C
A1 A 2 A
Solving for Y ,
Ai
Y 2 + R (X.)
y . -A ± --------------------------------------------------- 16-C
Al R + 1
Gms. „ Gms. 276.7
W - 276.7 ---- , W. - 13.0  , R - — —  - 21.28
Min. 2 Min. 13.0
From Table IV - A,
y - 85.20 mole per cent benzene 
A 2
Y -81.77 weight per cent benzene 
A2
x « 82.60 mole per cent benzene 
A
XA - 78.72 weight per cent benzene
Y - 81.77 + 21.28 (78.72) . 78>85 weight per cent
A1 22.28
y - 82.72 mole per cent 
Al
y , - x - 82.72 - 82.60 » 0.12 mole per cent 
*A1 A
II - B. Murphree Plate Efficiency. The following equation is used in 
literature (80,106) to determine the plate efficiency in distillation 
columns.
However, here it can be used to determine the degree of enrichment 
of the residual vapors. Substituting the composition of the various 
vapor streams in Equation 17-C,
E
O 82.72 - 85.20
(100) ■ 63.9 per cent
w  82.72 - 86.60
shows that the enrichment of the residual vapors was 63.9 per cent of 
that predicted from the temperature-composition diagram for the condensate 
compos ition.
II - C. Interfacial Composition and Temperature. Equation 49 which is 
renumbered here as Equation 18-C, is used to determine the interfacial 
composition
II - C - 1. Vapor Flow Rates. Let V and V represent vapor flow rates —   L 2
entering and leaving the primary condenser.
Molecular weight of incoming vapor - 81.96  ^bs.—
Lb.-Mole
18-C
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„ Gms. 60 Mins. Lb. Lb.-Mole
V, - 289.7 ---- x — ------  x
1 Min. Hr. 453.6 Gms. 81.96 Lbs,
0.4675 Lb.-Moles/Hr.
Lbs.
Molecular weight of vapor leaving ■ 81.40
Lb.-Mo 1e
, , „ Gms. 60 Mins. Lb. Lb.-Mole
V “ 13.0   x   x   x
2 Min. Hr. 453.6 Gms. 81.40 Lbs.
■ 0.0211 Lb.-Moles/Hr.
V1/V « 0.4675/0.0211 - 22.16
r
II - C - 2. Mass Velocities of Entering Vapor. Let G and G represent
Ml 1
mass velocities of incoming vapor to the primary condenser in 
Lb.-Moles/Hr. Ft.2 and Lbs./Hr. Ft.2, respectively.
Assuming that one-half of total vapor entering the jacket flows 
through each section of the annulus between the jacket and the condensing 
bar, then cross sectional area of the flow for each section is calculated 
as follows
S »= L (R2 - Rt) 19-C
where L is the effective length of condenser - 28 inches.
R„ is inside radius of the jacket * 6.025 inches.
2 2
R is outside radius of the condenser = 3.908 inches.
1 9
220
Therefore,
s . 28 , 6.02,5..- 3. 50B , , ^
12 ' 12 x 2
The equivalent diameter for each section may be written as
4L (Ro - Ri )
D -  s ^ —  20-C
e 2L + 2 (Rj - R )
However, since the end effects 2(R2 - R^) are small compared to 2L, 
these can be neglected and Equation 20-C reduces to
4L (R2 - R.)
D - ------------  ■ D - D, 21 -C
e 2L 2 1
D - (6.025 - 3.908)/12 - 0.1764 Ft. 
e
Total vapor flow to the primary condenser is
w « W + w „  - 276.7 + 13 - 289.7 Gms./Min. 
1 2
i 289.7 Gms. 60 Mins. Lb.
G   x   x   x-------------
L 2 Min. Hr. 453.6 Gms. 0.2058 Ft.2
- 93.1 Lbs./Hr. Ft,2
G - 93.1 Lbs./Hr. Ft.2/81.96 Lbs./Lb.-Mole 
Ml
1.1359 Lb.-Moles/Hr. Ft.2
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II - C - 3. Reynolds Number of Entering Vapor
Re. No. ■ G '/m.e 1 m
The viscosity of entering vapor mixture Is read from Table XX to be 
0.0210 Lbs./Hr. Ft.
Re. No. - (0.1764)(93.1)/(0.0210) - 780
II - C - 4. Mass Transfer Coefficient of Entering Vapor. Knowing the
Reynolds number of vapor, factor is read from Figure 46 to be 0.0200.
The mass transfer coefficient, k , 19 calculated from
81
0.56
k - J (Gm .)/P (Sc ) 22-C
gl D Ml
Since the experiment was performed slightly above (2 to 3 Inches 
of water) atmospheric pressure, then P in Equation 22-C can be taken as 
one atmosphere.
0.56
The Schmidt number and (Sc) for the vapor entering the primary
condenser are read from Table XX, to be 0,7527 and 0.8529, respectively.
Substituting the above determined figures In Equation 22-C, and
solving for k , 
gl
Lb.-Moles
k - 0.020 (1.1359)/(l)(0.8529) - 0.0266 
8 Hr. Ft.2 Atm.
Since in subsequent calculations k ^  is required in terms of
2 2 2
Lb.-Moles Lb.-Moles
------------  rathetf than In terms of *-------- ------
Hr. Ft.2 Mole Fraction Hr. Ft.' Atm.
and since the experiment was performed at essentially one atmosphere,
then k .determined above, can be written in term of mole fraction 
81
driving force,
k . - 0.0266 L b .-Moles
® Hr. Ft.2 Mole Fraction
II - C - 5. Height Equivalent to a Transfer Unit, H .. Equation 46
- - - -  -   —  ________________  fi 1
which is renumbered here as Equation 2 3-C is
H , - GU 1 /k . a P 23-C
gl Ml gl
Here P is one atmosphere and a is the interfaciaL area per unit 
volume of apparatus.
a - 6. 24-C.
V
where A is the total surface area of condenser and V is the total 
volume of the condensing section in the apparatus. For flow of vapor 
through one-half of the annulus between the jacket and the condenser, 
Equation 24-C can be written as
ir R, L 2R.
-------- i--------  =  i  25 -C
|  (R2£ - Rx2) L R22 - R x2
2 2 3
2 (3.908/2 x 12) ,
 1---------------------------E >0 ft. ; Ft.
(6.025/2 x 12) - (3.908/2 x 12)
Substituting the values of G, , , k , and a in Equation 23-C and
Ml gl n
solving for
H . - 1.1359/(0.0266)(8.920) - 4.78 Ft.
D *
Equations 22-C and 23-C may be combined to Si ve
, .0.56
(Sc)
H _ ---------  26-C
gi J a
D
For flow of vapors transverse to single cylinder, can be 
expressed as a function of Reynolds number of vapor. This is sh.'wn in 
Appendix B, Section IX as
- 0.413
Jd - 0.3116 (Re.No.) 2 7-C
Substituting this equation for J in Equation 26-C, would result
D
in
1 0.413 , 0.56
H . -----------  (Re.No.) (Sc) 28-C
gl 0.3116 a
For the present equipment a is determined (Section II-C-5) to be 
8.92 Ft.2/Ft.3. Applying this to Equation 28-C, and simplifying would 
give
2 2 4
0,413 0.56
H . **0.36 (Re.No.) (Sc) 29-C
gl
Substituting the values of Reynolds number and Schmidt number
determined before in above equation and solving for ,
0.413 0.56
Hgl - 0.36 (780) (0.7527) - 4.80 Ft.
which is very close to that determined from Equation 23-C.
II - C - 6. Height of Vapor Travel in the Jacket. The height that one- 
half of vapor travels in each section of annulus in the jacket, h, is
determined in the following manner (76).
V ? (® 2 ” ® i ) 1*
H - - -----X------1---- - 21 (R + R ) 30-C
S L (R, - R. ) 2 2 1
H » 21 x (  - b, '92 P. + -3-i-9 \ « 0.65 Ft.
2 x 12 2 x 12
“ H /h
II - C - 7. Now Hgl/h and (V /V2) gl can be calculated,
. C I S  . 7 35
h 0.65
- H i / h  - 7.35 -10
and <V1/V2) gl - (22.16) - 1.29 x 10
-Hcl/h
It is noticed that the magnitude of (V^/V£) ® is small, therefor
the denominator of the right-side of Equation 18-C can be taken as unity.
2 2 5
In that case, as it was pointed out in Chapter II, Equation 49 simplifies 
to Equation 52.
II - C - 8. Interfacial Composition and Temperature. Equation 52 is 
renumbered here as Equation 31-C.
yAI ~ yAl = ^1 
yAI • yA2 ’ V2
31 -C
y =82.7 2 mole per cent benzene 
Al
y =85.20 mole per cent benzene 
JA2
V 1
-  * 22.16 
2
Substituting these figures in Equation 31-C and solving lor v ,
A I
y is 85,33 mole per cent benzene. The interfacial temperature and 
Al
x *, in equilibrium with y , are read, from the temperature-composition 
Al Al
diagram, to b e :
T - 178.4°F.
x * ■ 81.1 mole per cent benzene.
Al
II - D. Experimental Condensing Film-Coefficients of Heat Transfer. The 
experimental heat transfer coefficients are calculated using Equations 
1-C, 2-C, and 3-C. The coefficients are based on vapor temperature, dew 
point of the condensate, bubble point of the mixture, or the interfacial 
temperature minus average wall temperature.
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II - D - 1. Rate of Condensation In the Primary Condenser. The rate of 
condensation la,
i Gms. 60 Mins, Lb.
W » 276. 7   x   x   ■* 36.60 Lbs. /Hr.
Min. Hr. 45 3.6 Gms.
II - D - 2. Total Heat Transferred. The latent heat of condensation for
the binary mixtures, which is the difference between the enthalpy of vapor
at the dew point, h , and the enthalpy of the liquid of the same composition
8
at the bubble point, h^, was read from a previously prepared enthalpy-
concentration diagram. For the mixture of 82.5 mole per cent benzene in
n-heptane, the difference between h and h at one atmosphere, is 166.5
g 1
Btu/Lb. Therefore,
q - 36.60 x 166.5 —  - 6094 Btu/Hr.
Hr. Lb.
II - D - 3. Film-Coefficient of Heat Transfer. Temperature difference 
based on the vapor temperature is
ATv = Tv ■ Tw <AveraSe>
ATV - 179.8 - 173.9 - 5.9°F.
h_, - 6094 / (2.386 Ft. 2) (5.9°F. ) - 433 ----- — ----
Hr. Ft.2 °F.
Temperature difference based on dew point of the mixtures is 
^ D P  " TDP * TW CAverage)
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2^ rDp - 179.0 - 173.9 - 5. 1°F.
h - 6094 — ■ / (2.386 Ft.L) (5.1°F.) = 305 Btu
DP Hr. Hr_ Ft<5 op
Temperature difference based on boiling point of the mixture is 
£Tgp ■ Tgp - Ty (Average)
AT__ - 178.2 - 173.9 - 4.3°F. 
BP
h - 6094 — ■ /(2. 386 Ft. Z) (4. 3°F. ) = 608 -----— ----
BP Hr- Hr. Ft.2 °F.
The latent heat of condensation, , at x * equal to 81.1 mole
I Al
per cent benzene Is read from enthalpy-concentration diagram to be 
166 Btu/Lb. Therefore,
q = 36.6 x 166 = 6075 Btu/Hr,
The temperature difference is,
£T - 178.4 - 173.9 - 4.5°F.
h - 6075 / (2.386 Ft.2)(4.5°F.) - 566  Btu
I Hr* Hr. Ft.2 °F.
II - E. Rate of Sensible Heat Transfer, Heat of Condensation Evolved 
at the Interface, and the Total Heat Transferred.
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II - E - 1. Rate of Sensible Heat Transfer. The rate of arrival of 
sensible heat by vapor at the interface is given by Equation 20, This 
equation is renumbered here as Equation 32-C
h (Tv - Tx) C a/1 - e C ° 32-C
where C„ ■ G C _./h 33-C
Pf g
Gas-Film Coefficient of Heat Transfer. The gas-film coefficient of 
heat transfer is determined from the following equation
0.56
hg " JH Cpf CG)/(Pr) 34"C
To determine J , heat transfer factor, need to know the Reynolds 
H
number of condensing vapor in the primary condenser
Re. No. * De c ’/n 33-C
m
The equivalent diameter is 0.1764 Ft. and one-half of the cross 
sectional area of vapor flow is 0.2058 Ft.^. Method of calculation 
for these terms are shown in Section II-C-2.
G* * 276. 7 Gms. x 60 Mins. x Lb.
2 Min. Hr. 453.6 Gms. 0.2058 Ft.2
88.922 Lbs./Hr. Ft.2
The viscosity of condensing vapor in the Jacket can be taken as 
the viscosity of the incoming vapor to the primary condenser, without
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appreciable error. From Table XX, viscosity of the incoming vapor is 
0.0210 Lbs./Hr. Ft.
Re. No. - (0,1764)(88.922)/(0.021) - 750
At a Reynolds number of 750, J is read from Figure 46 to be 0.0205.
H
In Equation 34-C, C and {Pr ) are to be determined at the
Pf
vapor-film temperature. The temperature of the main vapor steam is
179.8°F. and the interfacial temperature was determined to be 178,4°F.
The temperature of the vapor-film is between these two temperatures.
However, even if we assume that the temperature of vapor-film is 178.4°F.,
the temperature difference of 179.8 - 178.4 ■ l.4°F. is not going to affect
the specific heat, or the other physical properties of the vapor mixture,
greatly. Therefore, for all practical purposes, we can assume that the
physical properties of vapor mixture entering the primary condenser can
be used here, without any appreciable error. The specific heat and 
0.56
(Pr ) for the vapor mixture are read from Table XX to be 0.3480
Btu/Lb. °F. and 0.8989, respectively.
The mass velocity of condensing vapor in the primary condenser is,
, Gms. 60 Min. Lb.
G - 276.7 ---- x   x-------
Min. Hr. 453.6 Gms. 2.386 Ft.2
- 15.340 Lbs./Hr. Ft.2 
Substituting the above figures in Equation 34-C and solving for h ,
O
0.0205 (0.3480) 15.340 , ? „
h - ------- ------- -  » 0.1217 Btu/Hr. Ft.2 °F.
8 0.8989
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II - E - 2. Rate of Sensible Heat Trans ter. Equation 32-C is solved for
C 0.
C D * 15.340 (0.3480)/0.1217 = 43.86
Knowing h , the vapor and interface temperatures and C o, Equation 
8
32-C is solved for q ,
-  4  3.86
qg - 0.1217 (179.8 - 178.4) 43.86/1 - e
- 8.0 Btu/Hr. Ft.2
II - E - 3. Latent Heat of Condensation Evolved at the Interface, x *
Al
was determined to be 81.1 mole per cent benzene. From enthalpy- 
concentratlon diagram, the latent heat of condensation was ready to be 
166 Btu/Lb.
\ i  ■ Gxi 36-c
q ■ (15.34)(I66) * 2546 Btu/Hr. Ft.2 
k l
On Btu/Hr. basis this is equivalent to 6075 Btu/Hr., which was 
calculated in Section II-D-3.
II - E - 4. Total Heat Transfer. The total heat transferred is:
Q ■ q -f q 37-C
s
Q ■ 8 + 2546 - 2554 Btu/Hr. Ft.2
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III - MASS TRANSFER CALCULATIONS FOR MIXED HYDROCARBONS
The following sample calculations are made for Test No. 1 o£ 
series A, for benzene-n-heptane system where the composition of the 
primary condensate is 82.5 mole per cent benzene in n-heptane.
Ill - A. Gas Phase Mass Transfer Coefficient, Number of Individual Gas- 
Phase Transfer Units, and the Height of an Individual Gas-Phase Transfer 
Unit.
Ill - A - 1, Gas-Phase Mass Transfer Coefficient. liquation 5 3 renumbered 
here as Equation C-38, can be solved for gas-phase mass transfer coefficient.
v -> A <y* ■ yAT) i 38_c2 Al A2 g A Al l.m.
(y .I - yAT) - <yA9 - yAt)
( y  - y  ) -  -  — ------ ^ ^
A Al l.m. „ _ ,, 39-C
In
yAi ' yAI
yA2 ’ yAI
Substituting the values of y , y , and y from Sections 1I-A
Al A2 Al
and II-C-8, and solving Equation 39-C for (y - y ) ,
A Al 1.m.
<y. yAI^ l.m.
(82.72 - 85.33) - (85.20 - 85.33) 
82.72 - 85.33
In
85.20 - 85.33
- - 0.827
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V Is 0.0211 Lb.-Moles/Hr. 
2
A is 2.386 Ft.2 
Substituting these figures in Equation 38-C,
0,0?U  (82.72 - 85.20) » k (-0.827)
* S 2
and solving for k ,
S
0.0265 ----  Lb.-Mole.
® Hr. Ft.2 Mole Fraction
k obtained, independently, in Section II-C-4, is equal to 
gl
0.0266 ---- Lb.-Mole.
Hr. Ft.2 Mole Fraction
II - A - 2. Number of Individual Gas-Phase Transfer Units. The number 
of individual gas-phase transfer units can be determined from the following 
equation
r y A2
N
g
J
d y v - v
 &—  « in  Al 40-C
yAI - yA yAI ‘ yA2
yAl
N - in - 2.996
g 85.33 - 85.20
III - A - 3. Height of an Individual Gas-Phase Transfer Unit. Equation 
55, here called as Equation 41-C, is used to determine the height of an 
individual gas-phase transfer unit
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h - H N or H - h/N 41-C
8 g g g
In Section II-C-6, h was found to be ■ 0.65 Ft. Therefore,
H - 0.65/2.996 - 0.217 Ft, 
g
This also can be determined from Equation 56,
H - — ^ —  42 -C
g k a P 
g
V2 1where G * —  — 43-C
M2 2 S
V - 0.0211 Lb.-Moles/Hr. (Section II-B-1) 
2
S - 0.2058 Ft.2 (Section II-C-2)
; . „ 0.0512
M2 2(0,2058) * Hr. Ft.2
a - 8.920 Ft.2/Ft.3 (Section II-C-5)
P ■ One atmosphere 
Substituting these figures in Equation 42-C,
H - -------- 5------  - 0.216 Ft.
g (0.0265)(8.920)
It is indicated in Section II-C-5 that Equation 29-C is for flow of
i
2 3 4
gases transverse to cylinders and is not applicable to vapors which are
already past the cylinder. However, as a matter of curiosity and for
comparison, H calculated above will be determined again by using 
8
Equation 29-C,
0.413 0.56
H « 0.36 (Re.No.) (Sc) 29-C
g
D G 2
Re, No. - ------  44-C
u
m
Rate of vapor flow from the primary condenser is lj Oms./Min.
Viscosity of vapor leaving the primary condenser is read from Figure 38
to be 0.0211 Lbs./Hr. Ft. Equivalent diameter, D , and the cross 
sectional area of vapor flow are 0.1764 Ft. and 0.2058 Ft.', respectively
(Section II-C-2). Substituting these figures in Equation 44-C, Reynolds
number is calculated to be 34.9.
The composition of outgoing vapor from the primary condenser is
0.56
slightly different from that entering to it. Nevertheless, the (Sc) 
already calculated based on composition of incoming vapor can be used
for the vapor leaving the condenser, without any serious error. From 
0.56
Table XX, (Sc) is read to be 0.8529
0.413
H - 0.36 (34.9) (0.8529) - 1.33 Ft.
8
This is about six times greater than those determined from either Equation
41-C or Equation 42-C.
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I H -  B. Over-All Mass Transfer Coefficient, Number of Over-All Gas- 
Phase Transfer Units, and the Height of the Over-All (las-Phase Transfer 
Unit.
Ill - B - 1. Over-All Maas Transfer Coefficient. Equation 58 can be 
solved for the over-all mass transfer coefficient.
v o (yai ■ yA9) ■ K A <yA ■ y A*^  ^ -^~c2 A1 A2 g A A l.m.
(yAl ‘ yA*} ‘ (V  ‘ yA*}
^ a - yA > , ■ ---- -------- r   46_cA A 1,m, v - y *
In yAl A
★
yA2 ' yA
Substituting the values of y ,, y , and y *, from Section 11-A,
Al A2 A
and Table VII-A, in Equation 46-C, and solving for (y - y *) . ,
A A i • rn«
*... _ (82.72 - 86.60) - (85.20 - 86.60)
yA ‘ A l.m. * 82.72 - 86.60
In -------------
• 85.20 - 86.60
- 2.43
x
Substituting the values of V», A, and (y - y ) in Equation
1 A A i.m .
45-C and solving for K
(82.72 - 85.20) - K ( - ^ H -  2.43) 
2 g 2
„ Lb.-Moles
K ■ 0.0090
® Hr. Ft.2 Mole Fraction
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III- B - 2. Number of Over-All Gas-Phase Transfer Units. The number of 
over-all gas-phase transfer units can be calculated from the following 
integral
r  ? A 2
N
og J
,  l n  4 7 . c  
yA - yA yA ‘ yA2
yAL
N - In ~6, —  —  8- ‘?- * 1.018 
86.60 - 85.20
III - C. Llquid-Phase Mass Transfer Coefficient and the Height of an 
Individual Liquid-Phase Transfer Unit.
Ill - C - 1. Llquid-Phase Mass Transfer Coefficient. This coefficient 
may be determined from the following equation
I + _£L 50-C
K k k. 
g g 1
K * 0.0090 Lb.-Moles/Hr. Ft.2 Mole Fraction 
g
k * 0.0265 Lb.-Moles/Hr. Ft.12 Mole Fraction 
g
The slope of the equilibrium line at x • 82.6 mole per cent and
A
y « 86.6 mole per cent is 
A
d yA*
m “ ----  51 -C
d x 
A
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8 7 . 4 - 8 6 . 0  „m « — ------—  —  - 0.737
84.0 - 82.1
i  4_ 0.737
0.0090 0.0265 kL
k « 0.010 L b ,-Moles/Hr. Ft.2 Mole Fraction
III - C - 2. Height of an Individual Llquid-Phase Transfer Unit. The 
following equation may be employed for determlng the height of an 
individual liquid-phase transfer unit
G
H - H + m 52 -C
OS 8 L
M
H - 0.217 Ft. Section III-A-3
8
H ■ 0.638 Ft. Section III-B-3
og
m “ 0,737 Section III-C-1
- 0.0512 Lb.-Moles/Hr. Ft.2 Section III-A-3.
MZ
Molecular weight of condensate ** 81.96
276.7 Gins. 60 Min. Lb. Lb.-Moles
x -------- x------------  x
M 2 Min. Hr. 453.6 Gms. 81.96 Lbs 0.2058 Ft.
1.085 Lb.-Moles/Hr. Ft.2
0.638 - 0.217 + 0.737 ( H
1.085 1
H^ - 12.1 Ft.
However, if the surface area of condenser is used in determining L ,
M
rather than the cross sectional area of vapor flow, h’^ would reduce to 
2.1 Ft.
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